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PREFACE

The United States Air Force Summer Faculty Research Program
(USAF-SFRP) is a program designed to introduce university, college,
and technical institute members faculty members to Air Force research.
This is accomplished by the faculty members being selected on a
nationally advertised competitive basis for a ten-week assignment
during the summer intercession to perform research at Air Force

laboratories/centers. Each assignment is in a subject area and at

an Air Force facility mutually agreed upon by the faculty member

and the Air Force. 1In addition to compensation and travel expenses,

a cost of living allowance is also paid. The USAF-SFRP is sponsored
by the Air Force Office of Scientific Research/Air Force Systems
Command, United States Air Force, and is conducted by the Southeastern
Center for Electrical Engineering, Inc.

The specific objectives of the 1981 USAF-SFRP are:

(1) To develop the basis for continuing research of interest

to the Air Force at the faculty member's institution.
(2) To further the research objectives of the Air Force.

(3) To stimulate continuing relations among faculty members

and their professional peers in the Air Force.

(4) To enhance the research intereats and capabilities of
scientific and engineering educators.

In the 1979 summer program, 70 faculty members participated, and
in the 1980 and 1981 programs, 87 faculty members participated. These
researchers were assigned to 25 USAF laboratories/centers across the
country. This two volume document is a comptlation of the final
reports written by the assigned faculty members about their suamer

research efforts.
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Specialty: Applications of Molecular Orbital
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Specialty: Physical Chemistry, Catalysis,
IR & EPR Spectroscopy
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Specialty: Business Administration
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Specialty: Turbulence, Thermal Anemometry,
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Assigned: FJSRL
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College Station, TX 77840
(713) 845-5531

Dr. Gurmohan S. Grewal
Profeasor

Southern University/Baton Rouge
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P.0O. Drawer A

Mississippi State, MS 39762
(601) 325-3623

Dr. Robert M. Harnett
Associate Professor & Director
Clemson University

Systea Engineering Dept.
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Assigned: SAM

Degree: PhD, Electrical Engineering, 1969
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Asgsigned: AL

Degfee: PhD, Physics, 1963 1

Specialty: Physical Optics, Coherent !
Radiation

Assigned: RADC (Griffiss)

Degree: PhD, Chemistry, 1968

Specialty: Physical Chemistry, Physical
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Science, Geuneral Chemistry

Assigned: APL

Degree: PhD, Aerospace Engineering, 1973

Specialty: Simulation, Flight Dynamics,
Control, Optimization

Assigned: AD

Degree: PhD, Industrial & Systems

Engineering, 1974
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THE DETERMINATION OF INPUT DATA ACCURACY

IN THE MAINTENANCE DATA COLLECTION SYSTEM

by
Milton J. Alexander 4]

ABSTRACT

e

3 The question of input data accuracy in the maintenance data collection
system is investigated. It is shown that the level of input data accuracy is -

subject to two different types of errors - data which should have been entered

into the MDCS (Type I errors) and erroneous data which was entered into the

; MDCS (Type 11 errors). Techniques were developed to measure both types of
errors and field tested on a TAC unit. The two error types may be combined as
a joint probability to provide a measure of input data accuracy. When field
test data was substituted in the mathematical formulation, the computed input
data accuracy level was about one percent, i.e., only about one maintenance
action in 100 was being correctly reported into qecs. Suggestions for

improving input data accuracy as wall as further research in this area are

offered.
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I. INTRODUCTION

The Maintenance Data Collection System (also known as MDCS or MDC System)
was initially implemented throughout the USAF in 1957-58. The principal
objective of the MDCS was, and still largely remains, to collect raw aircraft
and ground support equipment maintenance data for subsequent use in other base
level and AFIC electronic data processing systems.

The basic operation of the MDCS has also remained much the same gince its
inception. Essentially, MDCS is designed to collect certain data from every
maintenance action, tranacribe the data to 80 column punch cards and prepare
magnetic tape transcription files for entry to other higher level computerized
information systems. The only major modification to the system occurred in
1968 when the currently used multi purpose source document form (AFTO Form
349) was adopted to replace the original source document forms (AFTO Forms
992, 210, 211 and 212). At the same time, the number of data item inputs
required for entry by maintenance personnel was reduced to the present level.

Almost from its inception, personnel associated with MDCS realized that
the information generated by the system was highly suspect and full of errors.
A worldwide meeting in 1959 of MDCS associate personnel was the first large
scale effort to correct MDCS deficiencies. Other major MDCS investigations
have followed through the years:

(1) The RAND investigations in the mid-1960's (RM-4985-PR, RM-4778-PR and
RM-4849-PR).
(2) The Artronic Information Systems, Inc. study in 1976 (Contract No.

F49642-76-90743) .

(3) The Desmatics, Inc. study in 1979 (Contract No. MDA903-78-C-0234).
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Other investigations of a more limited scope have also taken place in the
intervening years. All of the system improvement efforts notwithstanding,
MDCS has remained an intractable giant spewing out huge v>lumes of very

dubious quality information.

II. OBJECTIVES

The initial objectives of the research effort may be summarized as

followa:

(1) To review USAF literature on the MDC System.

(2) To review academic literature concerning accuracy in the data collection
process.

(3) To develop method(s) for evaluating the accuracy of MDCS data collection.

(4) To conduct a field test to check the method(s) efficacy. -

Once the project was begun, it became apparent that some modification of
the objectives would be necessary. The first objective was extended to
include documentation of the MDCS in both 8AC (66-1) and TAC (66~5)
organizations with information systems flowcharts. In this way all of the raw
data entry points could be readily identified and an organized analysis of
MDCS operations performed.

The second objective was reduced in importance when a cursory review of
the academic literature failed to yield any significant information which
could be applied to the MDCS. The third and fourth cbjectives were retained

intact.

III. DETERMINATION OF CURRENT MDCS CONFIGURATION AND STATUS

The MDCS was originally designed in 1957 - 58. Electronic data
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processing technology was, of course, just beginning to develop at that time.

The original MDCS design incorporated the best data processing technology then
available. Raw data was collected in code form on source documents,
keypunched to 80 column cards, then batch computer processed.

The same basic data processing techniques are still being used today in
the MDCS. The only significant system modifications have been changes in the
responsibility for source document preparation and additional information
outputs for other information systems and users.

The first major task undertaken in this portion of the project was the
determination of the actual information (document) flows in the MDCS. A
systems investigation including field studies at Warner Robins AFB (SAC) and
Moody AFB (TAC) was performed. Information system flowcharts for both 66-1
(SAC) and 66-5 (TAC) organizations were prepared and are shown as Exhibits 1
through 11. The generally small differences in MDCS structgre between the two
organizational unit types largely reflect their different operating
environments.

AFTO Form 349 is the source document for all data entered into the MDCS.
The data transcribed to the Form 349 is either the data used to initiate
maintenance action or data needed to close out a maintenance action. Activity
initiating data comes from several different organizational sources -
Debriefing, Job Control, Work Centers, Plans and Scheduling, and Quality
Verification. The actual number of data entries, however, is relatively small
(3 to 6) and the data ig readily available iﬁ unambiguous form. Nearly all
data entry errors associated with Form 349 1n1t1§tion will be quickly

discovered by subsequent Form 349 users.

1-6
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The data required to close out an open Form 349 (or complete a specific
job identified by a Job Control Number (JCN)) is a completely different
Qattet. The maintenance personnel who actually perform the maintenance tasks
are responsible for entering raw data about the work performed. There is no
separate verification of data accuracy, only a manual/computer edit process.
Though the number of separate data entries is not large (3 to 6), the data
collection process is subject to many difficulties related primarily to the
personnel responsible for data entry and the physical environment in which

they function.

The following observations and conclusions were derived from the analysis
of the information systems flowcharts.
(1) There is no control over the issuance of Job Control Numbers (JCN's).
Though there is a pattern for all JCN's, various individuals in all of
the organizational units can issue JCN's as they deem necessary. ;
(2) There is no organizational unit responsible for the administration of JCN's. ; i
(3) Data accuracy in JCN initiation does not appear to be a significant
problem because any input errors will be discovered later by Work Center
personnel. |
(4) There is no organizational unit responsibility for the reconciliation of
completed Forms 349 with JCN's issued.
(5) There is no data feedback or information availability to any of the data

initiators. L

IV. DETERMINATION OF DATA INPUT ACCURACY

Computerized information systems may produce unreliable and, hence,

scarcely useable information due to input data errors arising from two |
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different sources. The determination of input data accuracy requires that
both error types be examined and evaluated with respect to their influence on
data reliability.

The first type of error (Type I error) occurs when data exists but is not
entered into the information system. The resulting information generated by
the computerized information system ies incomplete and may provide an
unsatisfactory or undesirable base for decision making.

Type I errors could exist in the MDCS when no Form 349 is ever prepared
and yet maintenance activities are still performed. Since maintenance
activity is a response to a perceived systemic dysfunction, work center
personnel cannot respond unless they are somehow notified that a failure or
problem discovered by another organizational unit exists. Thus, this specific
type of data omission can only occur when work center personnel discover
problems and immediately apply corrective action with no JCN ever being
initiated. Because these épecial circumstances would tend to occur only
infrequently and usually be restricted to mipor repairs, no attempt was made
to determine the frequency of Type I errors in Form 349 initiation.

The major source of Type I errors takes place when required maintenance
actions are noted and documented on Form 349s in Debriefing, Job Control,
Plans and Scheduling and Quality Verification, and no corresponding
maintenance action is reported to the MDCS. The maintenance work was done,
but the paperwork wasn't.

Most of the Type I errors can be identified with a special computer
reconciliation program. The great majority of.required maintenance actions

are noted by Debriefing and the corresponding Form 3498 are prepared. All
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discrepancies which change aircraft flight status are automatically reported
to MMICS. Thus, the MMICS files list virtually all of the significant
required maintenance actions for each aircraft. On the other hand, the MDCS
lists all of the completed Form 349s. When the two lists are reconciled, the
maintenance actions which were not closed out with a completed Form 349 may be
readily identified. The JCNs which have not been closed out for some valid
reason, such as awaiting replacement parts, may be found on the Equipment
Verification Listing and manual corrections made on the reconciliaiton report.

The second type of error (Type II error) stems from erroneous data being
entered into the MDCS. A work sampling study conducted by Desmatics, Inc. in
1979 concluded that work time reported was about twice the actual time spent
performing the work. Unfortunately, work time is not the only data item
reported by work center personnel. How/mal and action taken codes must also
be entered into MDCS. Both of these codes require reference to a thick code
book to determine the proper codes.

The questionnaire technique was adopted to provide an indication of
employee data entry performance. This technique was selected because it is
direct, amenable to statistical analysis and requires modest time and effort
to conduct the study. The final questionnaire design was actually a joint
effort by several staff members of the AFIMC. The questionnaire used in the
field test is shown in appendix 1.

The questionnaire included several questions (nos. 6 and 8 in particular)
to cross check the Type I error results from the computer reconciliation
report and provide some validation of the questionnaire data. 1In addition

there were several key questions designed to assess data accuracy with respect
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to Type II errors. Question #12, for example, provides a direct measure of
input data accuracy for job time. Questions #13, 14 and 15 taken together
provide a subjective measure of how/mal code input data accuracy.

Input data accuracy may be formulated as a joint probability function.
That is,
(1-P(pype I error)] *x [V - P(1ype II error)) = Data Accuracy.
Data accuracy may be further defined as the probability that all data
pertaining to a given activity or transaction will be input correctly to a
| computerized information system.

The mathematical formulation of data accuracy given above must be
expanded somewhat in order to be applied to the MDCS. Three particular input
data items are required on all Form 3498 - time spent, how/mal code and action

taken codes. The second term in the equation above then becomes

r (1 = P(Type ITa error)] * [! = P(1ype 11b error)!

x [1 - P(rype IIc error)] = [1 = P(rype II error)]

The complete mathematical formulation for the determination of MDCS input data
accuracy therefore is

(1 - P(Type I error)} X [1 - P(rype IIa error)!]

x [1 - P(pype 1Ib error)! X [V = P(Type 1Ic error)!

= MDCS input data accuracy.

V. DATA RELIABILITY FIELD TEST

A field test using both data reliability study methods was conducted at a
TAC Air Force base in August, 1981. The goals of the field teat were (a) to
examine the applicability of both study methods in a real world setting and

(b) to obtain data for the evaluation of MDCS data reliability.

1-10
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The first study method (Type I errors) required a computer run
reconciling the open JCN's according to MDCS and the incomplete JCNs according
to MILAP. Accordingly a representative time period (Feb 1 to Feb 15, 1981)
was selected for the reconciliation run. The resulting report listed a total
of 997 JCN's which had been submitted. Of these, 481 JCN's were listed as
completed and 516 JCN's had not been closed cut for a 48% submission rate. A
subsequent search of open JCN's in the EVL for the current period did not
disclose a single one of those JCN's as still active, i.e., a delayed
discrepancy. Inasmuch as many of these discrepancies could be sufficient
cause for grounding the aircraft, it is safe to assume that the maintenance
work was performed but simply never reported to the MDCS.

The second portion of the field test regquired the administration of a
questionnaire to maintenance personnel. Capt Lindel Thompson administered
the questionnaire to 187 maintenance personnel (total population, 1020).
Since questionnaire completion was strictly voluntary, many individuals
declined to participate. The questionnaire results are shown in Appendix 2.

Several conclusions can be drawn from a cursory analysis of the completed
questionnaires. First, accurate work time data is being input less than 25%
of the time. Second, accurate and descriptive how/mal codes are difficult to
determine and may very well not exist at all. Finally, while action taken
codes are more easily determined, there are apparently overlaps and voida in
this code structure.

The observed or inputed values from the field test are:

a
-
-
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P(Type I error) = .52
P(Type TIa error) = 75

P(pype IIb error) .7

P(rype IIc error) = .7

These values may be substituted in the MDCS input data accuracy equation

s

as
' (1 = 452) x (1 = .75) x (1 = .7) x (1 =.7) or :
i «48 x .25 x .3 x .3 = .0108.
i According to the field test data, a given maintenance activity will be input
correctly into the MDCS only about one time in 100.
N\ The data accuracy value determined above is subject to certain 1
restrictions and considerations.
t T : (1) Type 1IIb and Type IIc error rates were inputed and not measured directly.
i (2) The field test data sample (4 squadrons at one AFB during a particular
| two week period) was quite small relative to the whole population and 7
could, therefore, be an exceptional condition.
(3) The Type II error portion of the MDCS input data accuracy calculation 1
assumes that the three data inputs are statistically independent. It is |

likely, however, that conscientious individuals will enter accurate data

for all input data items. In this case the data items would not be
statistically independent.
(4) Only the major input error sources have been included in this study:

‘' other minor error sources have been ignored.

(5) A high level of input data accuracy may not be necessary for all

subsequent users of MDCS data. This area has not been explored.

-
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VI. RECOMMENDATIONS

The field test results seem to confirm the grave reservations many MDCS
users have long expressed. A conclusive gtatement about MDCS data input
accuracy, however, can only be made after the questionnaire has been improved
and a larger sample has been studied. The extension of this investigation
technique is a necessary step to fully establish the magnitude of the input
data accuracy problem.

A second area for investigation concerns information utility. The level
of required input data accuracy is dependent upon the uses to which the
resulting informaiton (system outputs) is being applied. Thus, the various
information systems which utilize MDCS data must be examined to determine both
their specific information requirements and the necessary input data accuracy
level.

Finally, after these two investigatory phases have been completed, the
examination of alternative means to accomplish the desired ends may be

rationally undertaken.

1-13
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APPENDIX 1

INTRODUCTION

The purpose of this Questionnaire is to help determine the level of data
accuracy on AFTO Forms 349 submitted to data automation. We realize there
are limitations associated with requiring maintenance technicians to
complete AFTO Forms 349 since many factors contribute to either
intentional or unintentional erroneous reporting of data. Your candid
responses to the questions will make the results of our analysis more
meaningful.

Completion of this Questionnaire is strictly voluntary. We hope, of
course, that you will cooperate by answering the questions to the best of
your ability. Many of the questions call for estimates of one sort or
another. Please base your responses on your personal work experiences.

The completed Questionnaire will be kept confidential and will not be
rsleased to anyone. No attempt will be made to use your responses in
evaluating your job performance or your unit's job performance. Further,
this study is not a part of an IG inspection or similar investigation. It
will be used for research purposes only.

In order to keep your responses to the questions totally anonymous your
name and Social Security Number are not required. We would like you to
complete the sex, age, pay grade, primary AFSC and duty AFSC portions of
the response sheet. Insert your work center code in the work group code
space and leave the supervisors code space blank.

e



1.

2.
3.
4.
. ' ..
.
\'w. _

i

My total time in my present duty AFSC is:

a.
b.
Co
d.
e.
f.

g

During a typical work day, I will work on

ﬁ_"—_-'__'—_—'————-——m_____‘

QUESTIONNAIRE

Less than 6 months

At least 6 months but less than 1 year
At least 1 year but lesa than 2 years
At least 2 years but less than 3 years
At least 3 years but less than 5 years
At least 5 years but leas than 10 years
10 years or more

Job Control Numbers

that require and APFTO Form 349 be completed.

a.
b.
C.
d.

0-3 e. 10-12 {
4-5 £. 13-15

6~7 g. More than 15

8-9

when working jobs requiring a crew or assistance, I am responsible for

completing the AFTO Form 349 for

a.
b.
Co

d. At least 60% but less than 80%
e. At least 80% but less than 100% 1
£f. 100%
ge mn.t know
Of the job control numbers I work on in a typical day, are

TCTO's, Time Change Items, Special Inspections, Cannibalizations or some
combination of these categories.

a.
b.
Ce
d.
e.
f.

ge

of the jobs.
Less than 20%

At least 20% but less than 40%
At least 40% but less than 60%

Less than 10% 4

At least 10% but
At least 20% but
At least 30% but
At least 40% but
508 or more
Don't know

I have adequate time to
compelte for AFTO Forms
of the jobs.

a.
b.
Ce
d.
e.
f.

ge

Less than 20%

At least 20% but
At least 408 but
At least 60% but
At least 80% but
100%

pon't know

less than 208
less than 30%
less than 40%
less than 50%

carefully research the -06 Code Book and properly

349 I submit for JCNs in Question #4 for

less than 408
less than 60%
less than 80%
less than 100%

1-13
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6. I complete AFTO Forms 349 for TCTO's, Time Change Items,
Special Inspections, and Cannibalization jobs.

a. Less than 50%

b. At least 50% but less than 60%
c. At least 60% but less than 70%
d. At least 70% but less than 80%
e. At least 80% but less than 90%
f. At least 90% but less than 100%
g. 100%

7. For JCNs other than TCTO's, Time Change Items, Special Inspections, and
Cannibalizations, I have adequate time to research the -06 Code Book and
properly complete the AFTO Forms 349 for of the jobs.

b a. Less than 50%

b. At least 50% but less than 60%
c. At least 60% but less than 70%
d. At least 70% but less than 80%
e. At least 80% but less than 90%
f. At least 90% but less than 100%
g. 100%

8. For JCNs other than TCTO's, Time Change Items, Special Inspections, and
Cannibalizations, I complete the AFTO Form 349 for of the jobs.

a. Less than 50%

i b. At least 50% but less than 60%
c. At least 60% but less than 70%
d. At least 70% but less than 80%
e. At least 80% but less than 90%
f. At least 90% but less than 100%
g. 100%

9. I usually complete the AFTO Form 349:

a. Immediately after I finish the job
b. As soon as I get some free time

C+ - At the end of my shift

d. First thing on the next work day
e. When reminded by my supervisor

f. At some other time

g. Never

. 10. what is the most important reason that you do not compete all AFTO PForms
3497

. a. No APTO Form 349 was received l
. b. It is too hot, cold, noisy and/or dirty
cs It takes too much time and effort
d. No one asked for the APFTO Form 349
e. I forgot it
' f. There are no acceptable reasons for all AFTO Forms 349 not being
. completed
i . g. Some reason other than a through £
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what is the second most important reason that you do not complete all
AFTO Forms 3492

a. No AFTO Form 349 was received

b. It is too hot, cold, noisy and/or dirty

c. It takes too much time and effort

d. No one asked for the AFTO Form 349

e. I forgot it

f. There are not acceptable reasons for all AFTO Forms 349 not being
completed

g. Some reason other than a through £

On the average for all jobs, the time I report on the AFTO Form 349
compared to actual time spent on the job is:

a. About 50% of actual time

b. About 70% of actual time

c. Time reported equals time spent
d. About 125% of actual time spent
e. About 1508 of actual time spent
f. About twice as much as time spent
g. Don't know

How often do you refer to the -06 Code Book to determine the appropriate
How/Mal Code?

a. Never

b. Less than 25% of the time

Ce At least 25% but less than 50% of the time
d. At least 50% but less than 75% of the time
e. At least 75% but less than 90% of the time
f. At least 90% but less than 1008 of the time
g. 1008

14. How accurately do How/Mal Codes listed in =06 Code Book describe what is
wrong with the equipment?

a. Never

b. Less than 25% of the time

C. At least 25% but less than 50% of the time
d. At least 50% but less than 75% of the time
e. At least 75% but less than 908 of the time
f. At least 90% but less than 1008 of the time
g. 1008

When entering the How/Mal Code on an AFTO Form 349:

a. I try very hard to find the most accurate code

be I try to find a good, close code

c. I try to find a reasonable code

d. I use any one of several codes that I know and will not reject
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16.

17.

18.

19.

20.

21.
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The most important reason I do not enter the most accurate How/Mal Code
is:

a. Too much trouble

b. Code books aren't readily available

c. Code book is hard to use

d. No appropriate code in the code book

e. I always enter the most appropriate code.

what is the second most important reason that I do not enter the most
accurate How/Mal Code:

a. Too much trouble

b. Code books aren't readily available

c. Code book is too hard to use

d. No appropriate code in the code book

e. I always enter the most appropriate code.

when entering the Work Unit Code on an AFTO Form 349:

a. I try very hard to find the moat accurate code

b. I try to find a good, close code

ce I try to find a reasonable code

d. I use any one of several codes that I know and will not reject

The most important reason I do not enter the most accurate Work Unit Code
is: :

a. Too much trouble

b. Code books aren't readily available

c. Code book is too hard to use

d. No appropriate code in the code book

e. I always enter the most appropriate code.

what is the second most important reason that I do not enter the most
accurate Work Unit Code:

a. Too much trouble

b. Code books aren't readily available

c. ' Code book is too hard to use

d. No appropriate code in the code book

e. I always enter the most appropriate code.

when entering the Action Taken Code on an AFTO Form 349:

a. I try very hard to find the most accurate code

b. I try to find a good, close code

c. I try to find a reasonable code

d. I use any one of several codes that I know and will not reject

. »
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22. The most important reason I do not enter the most accurate Action Taken
Code is:

a. Too much trouble

b. Code books aren't readily available

c. Code book is too hard to use

d. No appropriate code in the code book

e. I always enter the moat appropriate cods.

23. What is the gsecond most important reason that I do not enter the most
accurate Action Taken Code:

a. Too much trouble
b. Code books aren't readily available
* ¢+« Code book is too hard to use
d. No appropriate code in the code book
e. I always enter the most appropriate code.

1-19
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APPENDIX 2

RESULTS FROM QUESTIONMAIRE

1. (a) 9 2. (a) 77 3. (a) 43 4. (a) 114 K
(b) 24 (b) 54 (b) 16 (b) 37 i
(c) 23 (c) 21 (c) 31 (c) 9
(a) 38 (d) 12 (d) 18 (d) a
(e) 32 (e) 7 (e) 16 (e) 8
, . (f) 34 (f) 6 (f) 36 (f) 5
3 ’ (g) 20 (g) 17 (g) 20 (g) 4
(h) S (h) 3 (h) 2
3
5. (a) 34 6. (a) 119 7. (a) 44 8. (a) 7 :
{b) 15 (b) - 20 (b) 10 (b) 21 1
P (c) 13 (c) 6 (¢) 8 (c) 10 -
(d) 14 (d) 6 (d) 8 (4) 7
1 (e) 31 (e) 3 (e) 13 (e) 17
(£) 53 (£) 6 (f) 28 (£) 17
r (g) 21 (g) 20 (g) 40 (g) 32
3 (h) 2 (h) 3 (h) 6 (h) 8
] [
9. (a) 43 0. (a) 12 1. (a) 1 12. (a) 33
(b) 47 (by 3 (b) 4 (b) 26
(c) 61 (c) 17 (c) 13 (c) 45
(d) 8 (@) 9 (d) 14 (d) 23
(e) 10 (e) 21 (e) 21 (e) 15
(£) 3 (£) 61 (£) 51 (£) 25
(g9 11 (g) 51 (g) 59 (g) 1
th) 8 (h) 9 th) S i
13. (a) 13 %M. (a) 2 15. (a) 68 16. (a) 17
(b) 28 (b) 12 (b) 44 (b) 7 1
(c) 27 (c) 19 (c) 24 (c) 3
(a)y 31 (d) 25 (a) 17 (d) 55§
(e) 23 (e) 40 (e} 5 (e) 89
L (£) 32 (£) 60 (£) 1
(g) 25 (g) 24 (g) 1
(h) 2 .
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SUPERCONDUCTING PAIR BINDING ENERGY

IN DEGENERATE FERMI SYSTEMS

by
David W. Allender j

ABSTRACT

The binding energy of Cooper pairs in degenerate Fermi systems in one
and three dimensions is examined as a function of the carrier density, the /
cut-off energy of the attractive interaction, and the momentum of the pair.
It is found that when the cut-off energy is sufficiently.small compared to
the effective BCS interaction parameter)the binding energy as a function of ; 3
momentum, q, has two relative maxima: one at q = 0 and one at q greater
than twice the Fermi momentum in a one dimensional system. Thus a metastable
state is predicted. Large momentum pairing in three dimensions is also

examined. Results are related to experimental observations and recommenda-

tions are made for further research.
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I, INTRODUCTION

which exhibit this effect.

II. OBJECTIVE

to explain the behavior of

this objective was further

energy, ., characteristic

2) the Fermi momentum, kps

momentum, q, of the pairs.
The remainder of this

presents the results.

III. CALCULATIONS

Our starting point is

1

observe the phenomenon at increasingly high temperatures.

sent at liquid nitrogen temperatures (i.e. 77K).

and the author during a visit which occurred last spring.

statement of the problem to be solved:

IS
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Ever since the discovery of superconductivity by Kamerlingh Onnes in

1911, physicists have continued to search for new and different materials

Of particular interest has been the search to

This search has

led to the observation in recent years of some highly unusual behavior in
samples of quenched cdasl and cuc1? under high pressures. The effect is pre-

The Air Force, as well as

the Army, has carried out experiments on these materials and is interested
in elucidating the nature of the cooperative behavior in such materials,
while it must be noted that it is still unsettled and speculative whether
the behavior is related to actual superconductivity or not.

The author's past experience in studying, from a theory standpoint, the
possibility of unusual mechanisms of superconductivity, coupled with the Air

Force's interest in these materials made our collaboration a natural one.

The primary objective of the research was discussed by D. C. Reynolds

It was agreed that

the objective would be to extend the theory of supetconductivity3 in an attempt

CdS and CuCl.

refined and better defined, resulting in a concise

During the course of the summer,

examine the stability of Cooper pairs

in degenerate Fermi systems as a function of three variables - 1) the cut-off

of the attractive interaction between carriers,

describing the density of carriers, and 3) the

report details how this study was carried out and

the binding energy equationb,

- z
Vaes ¥ 1/(w + € + 62) 1




where €12 " (sqt k)2/2m - k§/2m, and w is the binding enefgy
b4
with k. < |)sq* k| < = (2m w_ + kz);5
F KF c F*

To carry out the integration of Eq. (1), it is convenient to consider six
separate regions on the kF - q plane. These six regions are shown in Fig. 1.

In one dimension, we find, by integrating Eq. (1),
1/Rg = i = (1/2Kg) 1n{(R; - K()(ky + Ko)/(Ky + K() (ky ~ K},
for q < K, - kp, 2K
s 1/kg = Fy = 0, for Ky - ky < q < 2kg;
1/K = Fy = (1R {tan (R /K)) - tan L(k;/K;) - tan " (k,/K )},
for 2kp < q < Kp - kg
1/Kg = F, = (1/K;) tan" (= k;/K,), for Ky - kp < q < K + k5
1/Kg = Fg = (1/K,) tan “(K)/K;), for K. + kp < q < 2K

) 1/kg = F, = 0, for 2K < q3 ' (2)

Fe
where K5 = mvBCS/ » K} =K - q/2

kl = kF - q/2, k2 = kF + q/2,

2

K6 kl-‘ mw-q°/4 l(7

By studying the functioms F;» one finds the desired objectives. These results
are illustrated in Fig. 1. For the case of q = 0, we find that the binding
energy of a zero-momentum pair decreases as carrier density increases. On

the other hand, we find that the binding energy in region 4 increases as q

increases for given kF and W.»

(dwldq)kF'mc > 0, for km < kF < kM' (3

near q > ZkF’ but in region 5, for all q,

2-5
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FIGURE 1 - THE BINDING ENERGY OF A PAIR OF CARRIERS IN A ONE DIMENSIONAL SYSTEM,
AT FIXED w .
(J
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(dw/dq)k 6 S 0. (4)
F’ ¢

Thus, pairs which have some value of q between 2kF and ZKF have a relative
maximum binding energy. The binding energy of a pair in region 4 is found to
decrease with respect to kF, and to vanish at kF - KM = K5/2 as shown in
Fig. 1. Now the condition for having two regions of q where pairs have finite
binding energies is simply given as KF - kF < ZkF’ or kF > km = (mmc)klz.

For the three dimensional system, we carry out the same calculations as
in the one dimensional case. The results are shown in Fig. 2. One can get
the corresponding functions F1 in the six separate regions of the kF - q plane.
The condition for a pair of q > 2KF having a finite binding energy is deter-
mined from the corresponding function F3 in the limit.w -+ O and kF + 0,

Fy= 2K = X - %Y q-%mq - (x/q) In{l - q(xli - % q)/x}, (5)

where x = 2m @, - )
This equation has a solution for q only when 3_K°/2m.

For pairs with q 5_2kF, the upper bound of q for pairs having finite
binding energies is determined from the corresponding functions F, and Fz
in the limit w + 0. We find

F, = ZKO = Kp - kp - q - (x/q) 1n(1 - qKI/x)
+ k, Infx - qkp) (ky + k )2/ (qky) () + k)2,
F, = Y2 S (x/q) 1n2, (6)

- o - o2yt
where ko (kF - q“/4)*.
From the above equation, we find the upper bound of q for pairs having finite

binding energies is

959 for kF < l(.A - q, and q <49, for kp >K, - q,, )

where 9 is a solution from F1 as shown in Fig. 2.

In this case, for given kF’ the pair has a finite binding energy in one
region q < 93»> 935 G4 950 Q¢» where q are determined from the corresponding
functions F; in the limit w + 0. All q are less than q.: In particular, we
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find that for given kF and ®, the binding energy of a pair decreases as q
increases as shown in Fig. 2. The binding energy goes to zero as q reaches
the upper bound with a zero slope with respect to q.

We conclude that in a one dimensional system a pair of carriers with
momentum q > 2kF can be locally stable, or metastable. The material para-
meters required to permit the occurrence of such pairs appear to be not very
restrictive. Therefore, these pairs would play a role in quasi-one dimenaional
materials such as organic superconductors and supercqnducting polymers. Fur-
thermore, it is very interesting to note that filamentary structures have

5, and CuCl, and CuBr6 under high

been observed in high pressure quenched CdS
pressure, which are suggestive of quasi-one dimensional behavior.

However, in the three dimensional case, the condition to have pairs of
momentum q 3_2kF, namely mc > Kz/Zm, is unlikely to be met for ordinary metals
where the cut-off energy is determined by phonon frequencies. On the other
hand, for degenerate semiconductors, the Fermi momentum may be sufficiently

small so that the required condition might be satisfied.

IV. RECOMMENDATIONS
The work that has been carried out predicts that Cooper pairs having

momentum greater than twice the Fermi momentum are metastable when the cut-

off energy is sufficiently less than the effective BCS interaction constant.

This result was unexpected and exciting, so a manuscript was prepared by

S. B. Nam and the author and submitted for publication to a professional

journal. Although we feel that significant progress has been made, we also

feel that it is only a beginning and that this work should be continued and
extended. Specifically, the following recommendations are made.

(1) The equations for the superconducting energy gap, 4, ought to be gener-
alized to include the effect of the predicted metastable, large momentum
pairs. Studies should be done to determine the resultant transition
temperature, Tc.

(2) Recently some 1nvestigators7 have suggested that negative U centers
ought to be important in determining the effective BCS coupling constant
in materials like CdS and CuCl. It therefore appears to be appropriate
to incorporate the effect of U-centers into the equations mentioned in

the previous recommendation.




E (3) Various properties, such as the magnetic susceptibility, should be cal-

| culated in order to carry out a comparison with experimental observations.

(4) The consequences of having degenerate bands, permitting inter-band as well
as intra-band pairing should be examined. (This work has already begun.)
The author hopes to continue to participate in carrying out these recom-

3 mendations by submitting a proposal for a mini-grant to AFOSR on the subject.
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SOFTWARE FOR RAPID REMOTE 3-D MAPPING OF AN
ARBITRARILY-COMPLEX OBJECT
by
Martin D, Altschuler
ABSTRACT

The development of interactive software for dependable remote

nondestructive 3~D surface mapping of an arbitrarily-complex object in

real time is well under way. Hardware/software techniques and trade-
offs have been investigated for the rapid (in parallel) laser illuymina- !
tion, imaging, and triangulation of 16,000 points of an unknown surface. ; %
To produce an operational device for real-time anthropometric measurement
(for example, to measure real-time changes in human-body anatomy and
work motions in a zero-gravity space environment) requires developing,
implementing, testing, and packaging optimal algorithms for (1) multi-
directional laser-array illumination, (2) multi-directional imaging,

and (3) rapid dependable calibration of cameras and laser arrays.

Needed resources ﬁre an interactive raster graphics facility and a

compatible host computer. If funding is available, an operational

real-time surface mapping system can be produced within two years.
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I. INTRODUCTION:

Since 1977 I have been working informally with USAFSAMNGD to develop
a technology for rapid remote high-resolutfon 3-D numerical mapping of
unknown arbitrarily-complex surfacesl-a. Such a technology would allow
real-time measurement of biomedical surfaces, in particular measurement
of changes and distortions of the human body under high-gravity or &
zero-gravity forces. Other potential applications are: the rapid mapping

of facial, dental, and limb topography for automated manufacturing of

protheses; anatomical documentation for surgery and radiation therapy;

and real-time environmental mapping to assist the blinds. Industrial

applications would include assembly-line inspection and control, computer-

aided manufacturing, robot vision, mapping of machine parts and castings, etc.
The technique we developed determines the spatial locations of 128 x 128

gsample points on a surface. The procedure involves (1) optically transforming

a single laser beam into an array of 128 x 128 individual laser beams,

(2) illuminating the surface of interest with this array of 128 x 128

(simultaneous) laser beams, (3) using a programmable electro-optic

modulator to switch on and off very rapidly specified subsets of laser

beams and thereby to illuminate the surface of interest with a rapid

sequence of mathematical patterns (spacecode), (4) image recording each of

the mathematical patterns as they reflect off the surface using (a) a

wavelength-gpecific optically-filtered video camera positioned at a

suitable perspective angulation and (b) appropriate image memory devices,

(5) analyzing the stored images to obtain the 3-D locations of each of

the 128 x 128 illuminated points on the surface which are visible to the

camera or imaging device, (6)determining which of the laser beams in the

array do not provide reflections visible to the imaging device.

. Spacecoding of the light beams allows automatic correlation of the
camera image (of the spot pattern reflected by the surface) with the
projected laser-beam array, thus enabling triangulation of each illuminated

surface point. Whereas ordinary laser rangefinders aim and project one
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laser beam at a time and expect to receive one laser-beam reflection
(bright-dot image) at a time, the present system is optical (non-mechanical
and vibration-free) and collects all the data needed for high-resolution
3-D topographic mapping (of the 128 x 128 sample surface points) with the
projection of as few as 1 + log2 128 = 8 light patterns. In some
applications involving a rapidly-changing time-dependent environment, é
these eight light patterns can be projected simultaneously in different
wavelengths to allow virtually instantaneous data collection for a surface
topography.

Conceptually, the laser-beam array acts as a reverse (or inverse)
camera, with rays emanating from a focus and diverging out into the scene.
Thus the technology we are developing can be viewed mathematically as a
form of stereophotogrammetry, but now there are one active and one passive |
camera rather than two passive cameras. The active/passive system allows
automatic stereo correlation and triangulation of many points in the
passive image at the same time. The mathematical ideas have been
discussed in detail in the referenceslqs.

By May 1981, the beginning of the AFOSR/SCEEE summer faculty contract,

the hardware and software were sufficiently developed to permit us to step

through the surface mapping technique from data acquisition to 3-D
numerical results. Although everything apparently worked correctly,
including the rapid interactive calibration scheme, the need for several
improvements was already becoming apparent. For example, my initial
software used a global threshold to filter out unwanted noise (background
reflections and ambient light). As a result, intense noise (background
laser reflections) seen in some areas of the raster (passive) image
exceeded the global threshold and could not be filtered out, whereas
faint signal (from laser-illuminated space points) was filtered out
(see discussion of objective 2 below).

An additional problem we faced in May 1981 was that the data

collection camera, the data (digitizing) processor, the main processor, and

the graphics display processor were all using different operating systems
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and/or locally~developed systems languages. This situation arose because
limited funding required purchasing the least expensive hardware, with
little regard for software compatibiliiy, and then implementing improvised

interfaces.

II. OBJECTIVES:
When the opportunity of the AFOSR/SCEEE award for the summer of &

1981 became available, I decided to use the time to work with USAFSAMNGD

to achieve the following objectives: j

(1) Modify the higher-level software to be compatible with the widely-used
DEC RSX-11M operating system (hence also with the VAX-VMS operating i
system) . ' i

(2) Replace the arbitrary global threshold for pixel gray levels with
local thresholds determined automatically.

(3) Implement local thresholding and other image processing with a graphics 4
display processor. '

(4) Fragment the software into a sequence of independent programs linked
only through data files on a disk.

(5) Allow the software options to be controlled simply and interactively

by a physician (or operator) who does not have special training in

software languages,

The reasons for these objectives are now described in turn.
Objective 1: ‘ 4
The DEC RSX-11M operating system was chosen for use in all further
development of the biomedical surface mapping project. The reasons for
this choice were (1) the in-house availability of DEC hardware by those
researchers involved in the project, (2) the ability to use RSX-11M on
several different DEC computers (in particular the LSI 11-23, PDP 11-34,
. PDP 11-70), (3) the upward compatibility of the RSX-11M with the (DEC) 4
VAX~VMX operating system, so that software developed on RSX-11M can be run
without further development on a VAX, (4) the widespread availability,
~support, and documentation of the RSX-11M system, and (5) :he'proven

dependability of the system.

3-6
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Objective 2:

The global threshold algorithm to diatinguish the images of the laser
beam reflections from the images of the ambient light background in the
raster (TV) camera was not completely satisfactory. Although the brightest
pixels seen in the raster image did correspond to laser-beam reflections
from the surface of interest, it was nevertheless possible for unwanted
ambient light and background reflections to appear brighter in the raster
image than actual laser beams reflected from a surface whose normal was
inclined significantly relative to the direction of the TV camera. Thus
a global threshold value could not detect the raster image locations
of all the laser beam reflections without also detecting background
reflections and ambient light. This meant that noise separation would
require manual preprocessing (an operator to work interactively with the
graphics display to separately threshold each image region before data
processing) or manual postprocessing (setting a low global threshold and
letting the user manually separate the good results from the bad).
Objective 3:

At the time the AFOSR/SCEEE contract began, the image processing
software was being implemented by the main CPU. Each digitized image was
transferred (one raster line at a time) from the disk memeory to the CPU,
processed, and transferred back to the disk. Several minutes were required
per image for each of the eight images. Almost all this time was spent
transferring data between disk and CPU. Since most of the image processing
(adding or subtracting images and masks) involved simple arithmetic
operations repeated for each of the 256 x 256 pixels in each of the raster
images, it should speed up the software implementation considerably if we
perform the image processing in a display processor which can store
several complete images and do the simple operations of image processing
in parallel --- essentially a whole image at a time.

Objective 4: _

The sofiware development of the biomedical surface mapping involves’
a number of logically sepérate tasks. These include (1) specifying the
physical parameters of the camera and shutter, (2) obtaining the scene-to-

raster (TV image) transformation, (3) obtaining thc scene-to-shutter
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(laser-beam-array) transformation, (4) processing a set of digitized
images to determine thresholds (local or global), the spacecode,
filters, etc., (5) obtaining the numerical 3-D locations of the 128 x
128 sample points, (6) processing the 3-D sample point locations to
achieve specific application goals and output displays,

To develop large multi-task software gystems, one can structure
each task as a subroutine (procedure) in a large program and use
overlaying to manage the CPU core memory, or else one can write a
separate program for each task, use the operating system command
language to chain the sequence of programs, and use disk files to hold
the intermediate results generated by each program. During the stages
of logical design, algorithm development, algorithm implementation,
and testing, the latter method of completely independent programs
communicating through data files is most efficacious. Only the input
and output of each program module need concern the developer. Thus
software debugging, modifications, and testing can be done quickly and
without chain reaction.

Obiective 5:
Most users of the surface mapping software will not know the

particular programming language or operating system in which the

system 1s implemented. Consequently, it is often convenient to transfer
the necessary information for a surface mapping task by having the
computer interactively interrogate the user in simple English. The
individual programs can request numerical information from the user

for the parameters and for the calibration of the system. (Inter-
active capability is particularly important in the calibration phase
when the user defines the three-dimensional coordinate system by a
raster graphics display of a known block inserted into the scene.)

The operating system on the other hand can request from the user the

status of the project and enable the proper sequence of programs to be

run,

‘T"‘,‘b—“ ————
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III. APPROACHES AND RESULTS

Objective 1 --- to modify the surface mapping software for compati- é

bility with the DEC RSX~11M operating system --- was accomplished,

The previous software, which runs on a Data General Eclipse S$~200, was
modified for the DEC system. Some of the programs that ran on the
Eclipse, however, did not fit on the PDP 11-34 and had to be fragmented
into smaller programs (see also objective 5 below).

Objectives 2 and 3 --- to replace global thresholding for pixel
gray levels with automatic thresholding of each pixel, and to implement
this thresholding together with other image processing on a graphics
display processor ~—— were investigated theoretically and a new
hardware/software design was conceived. By adding an extra light
pattern to the spacecode illumination sequence, we can determine for
each raster pixel the difference in gray level intensity between the
on and off states of the laser beam array. This change of gray level
intensity can provide a local threshold for each pixel, Once the
local threshold is known, the sequence of spacecoded images can be
processed to obtain a spacecode for each pixel.

The new illumination pattern is the reverse of the on-off-on~off ...
shutter pattern in the spacecode illumination sequence. Thus
those pixels of the raster image which do not contain a laser-beam
image would show only a small relative change of gray-level intensity
when the laser beams are turned on and off. Such background pixels
could then be eliminated by another criterion based on thresholding
relative changes of gray level intensity. In this way, we can improve
the detection of the coded laser-beam reflections in the image and
distinguish them from background (noise) reflections.

Because the display processor works in parallel (virtually omn an
entire image at a time) and is so much faster than transferring digitized
images between CPU and disk, it is fasteir and more reliable to detect the
laser reflections in the image after determining the spacecode at each
pixel. Thus whereas at present we transfer image data between disk and

CPU, determine the peaks (highest gray levels) in the image, use a global

threshold to remove those peaks due to background reflections, and then

PRV,
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find the spacecode for the bright peaks of the laser-beam reflections,
we can with the new concept use the display processor and an extra image
in the spacecode illumination sequence to determine the local threshold of
each pixel of the image, determine the spacecode at each pixel, and finally,
with another criterion, eliminate the background. The new approach uses
the display processor and its image memories to do in parallel (and in a
few seconds or less) the simple operations which threshold, spacecode, and
detect the relevant laser reflection peaks in the image. Moreover, as
mentioned earlier, local thresholding should improve the likelihood of
detecting real but faint laser-beam images in fhe overall raster image.
The design for the new hardware/software system was accomplished during the
AFOSR/SCEEE contract in collaboration with USAFSAMNGD.

Objective 4 --- to fragment the surface mapping software into a
sequence of independent programs linked only through data files on a

disk --- was achieved dﬁring the AFOSR/SCEEE contract. The logically

independent tasks of surface mapping were separated into different programs
or sets of programs each of which reads the data files created by previous !
pPrograms in the sequence and creates a file for the next program. These
files document intermediate results of the surface mapping procedure (such
as parAmeter values, calibration points, transfo:mation matrices, etc.) and
allow interruption and restart of the procedure at several stages. The
precise sequence of programs is determined interactively by the user
through the system command language. Different program sequences can be
generated depending on how much information has been previously calculated
and stored on intermediate files. For example, for a single viewing
direction the calibration need be done only once; unknown objects can then
be placed in the field of view and mapped.

The independent tasks of the software are:
Task 1: Parameter file generation (1 program, 4 subroutines)
EITHER

Accept old parameter file name and verify its existence;

Check the validity of the parameter values on file.
OR

Accept new parameter file name;



e

Accept new parameter values for laser-beam array and raster (TV) image;
Check the validity of the parameter values;
Create new parameter file.
Switch: If calibration is already on file, go to task S.
Task 2: Interactive calibration data (1 program, 2 subroutines)
Display known calibration object;
f Use trackball or joystick to record the raster image position of each of
six knowr. points of the calibration object;
Enter the 3-D (x,y,z) position of each of the six points. (This procedure
b in effect defines the 3-D coordinates of the scene); A?
Generate a file for the scene and image positions of the six calibration
points.
Task 3: Scene-to-image transformation matrix (1 program, 10 subroutines)
Read the file of task 2;
Calculate the 'I'ij paramet:ersl-s for the scene-to-image transformation; )
3 Calculate the focal distance for the imaging camera;
Generate a file for the calculated results.
r Task 4: Scene-to-shutter (laser beam array) transformation matrix (2 programs,
9 and 11 subroutines)
{ Read data files of previous tasks;
EITHER
Individually project six laser beams of the array onto the calibration
object;
Calculate the 3-D (x,y,z) locations of the beam intersections with the
known calibration object;

Calculate the Lij izvax.'axnlete::'s.l-6 for the scene-to-shutter transformation;

_

Generate a file for the calculated results.
OR

Project a sequence of spacecoded images onto tue calibration object;

Obtain spacecodes and raster positions of each laser reflection;

From known surfaces of calibration block, calculate the 3-D (x,y,z) positions
of each laser-illuminated point in the scene; .

Use least-squares to determine the Lij values;

Generate a file for the calculated results.

3~11
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Task 5: Regular mapping run for unknown object (1 program, 8 subroutines)

Read in results of previous files;

Read in digitized data for spacecoded image sequence of unknown object;

‘ Calculate set of (x,y,2) positions (3-D) for each laser-beam intersection

% with the unknown object whose image is visible on the raster image;

Methods: At present, only a global thresholding algorithm is
implemented for detecting laser-beam reflections in the image.
As discussed earlier (objectives 2 and 3), this algorithm will

be replaced by a local thresholding algorithm.

One calibration is needed for each (laser-camera) perspective. An
additional camera can be added and automatically calibrated without user
interaction provided there is some overlap of the field of view with that
of the first camera. (This follows because the 3-D locations of several
* points on a surface can be determined by triangulating with the laser-beam
array and the first camera;)

During the AFOSR/SCEEE contract period, there was insufficient time
to set up the interactive raster graphics. No in-house interactive
raster graphics and display processor was availabie. A Grinnell display
processor was loaned by the company and installed only two weeks before
the end of the contract period. The display processor configuration did
not seem to be compatible with that described in the documentation and |
no useful images could be processed. Consequently those (three) software
modules which required interactive raster graphics (and which previously
ran on an Eclipse S-200 with a Comtal display processor) have not yet

been transferred to the DEC PDP 11-34. However, the other software

modules were successfully tested on the DEC computer by inserting numerical
values previously obtained on the Eclipse/Comtal system. Completion of the
DEC-compatible software system requires the testing of only three ﬁodules
with an operational interactive raster graphics display processor.

Objective 5 --- to set up an interactive language which would allow
lay users (medical personnel, technicians, etc.) to operate the surface

mapping procedure without special training in computers --- was achieved
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during the AFOSR/SCEEE contract. The different programs are now linked
through the operating system command language. After each program is
run, the command language asks the user if he wants to continue or exit.
The user can exit after certain disk files are created and later resume
at that point (after the program verifies the paramater file).

The first program asks the operator to provide a project name. It

then (task 1) creates and/or recalls the parameter file and verifies the

N

validity of all the parameters. All data files related to the project
are named automatically by appending letters to the project name. Thus
. bookkeeping by the user is eliminated. After the first (mandatory) 3
program is completed and the parameter file either verified or shown to ‘
have errors, the command language provides the user a menu of options --
create a new parameter file, continue, or exit. Another menu then
allows the operator to go directly to the calculation of the unknown
surface (if calibration was done previously) or to the last program
completed. Thus the user needs no more than a few minutes of instruc-
tion to learn to operate the system, and no knowledge of the DEC Fortran
\ r language or the operating system.
A small amount of training may be needed to use the interactive
graphics for calibration. The interactive graphics module asks the user
to locate six known calibration points on the viewing screen with a
trackball or joystick. The user must then enter the 3-D coordinates of
each known point by the keyboard.

IV. RECOMMENDATIONS:

During the AFOSR/SCEEE contract period, previously-tested software
for biomedical surface mapping was fragmented into DEC-compatible user-
interactive software which can be operated by non-experts in computers.
The software developed up to now, however, provides only a feasibility
study of the surface mapping technique. It demonstrates that the basic
mathematics, the spacecoding, the triangulation of many points at the
same time, and the simple calibration procedure all work as expected.

The task now is to produge a truly operational surface mapping device
that works reliably in real time. For this development, better hardware and

t
4
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!
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software are required. The development of the hardware and software

should be done concurrently and interactively to achieve the best trade-

offs in speed, accuracy, and cost. As an example of this interaction,
the concept of using an extra image in the spacecoding sequence together
with a display processor for image analysis should provide a very
significant increase in the speed of the surface mapping program as well
as a significant improvement in separating laser peak images from noise

reflections (see objectives 2 and 3).

Based on the feasibility studies so far accomplished, my general
recommendations are as follows:

1. Begin the development of a truly operational sufface-mapping system
of the type described. With proper support, a device (hardware/
‘'software system) could be constructed within two years which would
permit remote 3~D numerical mapping of 16,000 points of an unknown
arbitrarily-complex surface in a few seconds, with data. acquisition
in real time (less than one second).

2. Permit the development of hardware and software to proceed interactively.

3. Provide interactive raster graphics capability to support the higher-

level software development of the system.

Specific recommendations for follow-on research to develop software for an

operational surface-mapping device are as follows:

1. Develop a phantom-generating software system that will allow generatjon
of artificial data for use in simulating and testing new hardware/
software methods in remote surface mapping. i

2. Test the éfficacy of different image-processing algorithms to determine
the best way to extract information in parallel from many targets
(laser beam images) in the image. )

3. Develop and test algorithms for multi-cameta/multi-laser éystéms to
achieve integrated 3-D measurements of an object froﬁ all directions.

4. Develop and test algorithms for the generation of surface patchesAfrom

the 16,000 measured surface sample points.




5. Develop and test application software, namely algorithms for anthropcm.etric
measurement and documentation of (1) real-time human body changes

(surface and volume) in zero-gravity environment and/or under physio-

logical stress and (2) long-term anatomical changes.
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ABSTRACT

In this report, an initial performance evaluation is presented
for two modern spectrum estimators, used in the context of resolution
enhancement in scenes with limited support. This is to identify the

* potential these methods may have in a practical environment. #

The availability of limited sets of observations has spurned
procedures for extending data beyond the observation limits, in order
to defeat the classical Rayleigh resolution. The one-step extrapola-
tor /2/ is one such approach, that is extended and implemented in the.
2-D setting. The potential of this one-step extrapolator is demon-
strated, but also the enormous sensitivity to any type of noise, which

renders this particular extrapolation algorithm of low practical value.

J r A different approach is to assume a parametric model for the
stochastic process that underlies the data. The 2-D autoregressive
moving average (ARMA) model is rather general, and leaves one with a
‘difficult parameter estimation problem. The difficulty of implementa-
tion pays off in a high resolution property for certain classes of

signals, and a relative robustness in the presence of noise.

" N
EY 5 W

42




A L,

ACKNOWLEDGEMENTS

The author would like to thank the Air Force Systems Command, the
Air Force Office of Scientific Research, Rome Air Development Center,
and the Southeastern Center for Electrical Engineering Education for
providing the opportunity to carry out the research described in this
report.

Special acknowledgement is made to Mr. Paul Van Etten of RADC for
discussions and guidance, which helped make the author's stay a worth-
while and instructive experience. Appreciation is also due to
Mr. Haywood gebb, Mr. Russell Brown, and Mr, John Huss, all of RADC,
for their most helpful discussions, software development, and logisti-
cal support.

My final commendation goes to Prof. Warren Peele for providing a

well-organized program in which to participate.

R Y




I. INTRODUCTION

One of the most intriguing and important problems, in many difrer-
ent disciplines, is the recovery of signals that underwent some type of
a distortion. Moreover, the observations of the distorted signal are
often limited in scopé. In the system identification discipline we are
often interested in the input signal to a system, and have only the out-
put of the system available for measurements. The limited scope of
these measurements compounds the problem. Applications of tomographic
imaging are another example. Here we try to reconstruct images from a
limited number of its projections as in computerized X-ray tomography,
or for nuclear reactor core examination.

Our specific problem originates in the physical setting of a space-
based infrared sensor. Such a sensor consists of a Fourier transforming
lens with a lightshade at the front end, and a photodetector array in
its focal plane /4/. Such a physical setting warrants the assumption
that the front end scene has a finite support. This continuous scene is
transformed by the lens into its continuous Fourier transform. The
latter has infinite support due to the limited support of the scene.

The photodetector array then samples the continuous transform over a
finite support. It is the latter operation which yields the data set
from which the Air Force must draw inference on the front end scene with
finite support. Let us identify the problem in mathematical terms.

If x denotes the front end scene with finite support 6&, and Y
denotes the continuous Fourier transform over the infinite support.s ’

the following relationship is valid:

\y(f) e [ xw e:]'zr’f“m b//‘e S:, ¢))

Note that the respective variables are defined over 2-D fields. Substi-
tution of the inverse Fourier transform relationship for x(u), and sub-

sequent interchange of integration operations, yields:
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The support of the front end scene is not only limited, but also known,
s and the inner integral in (2) can be evaluated analytically. This

yields the kernel h(f-v) of the linear integral operator‘d*’ on X(v),

which results in Y(f). As our knowledge of Y(f) is limited to its

sumples over the data region, say J,L (where & is a subset of {Y
with finite support), we find from (2);:

YO = J Xeoy hifv) dv Viey ©)

As x is a function with finite support, ic can be represented by

the samples of its Fourier transform, provided we have all samples, and

provided the sampling theorem is satisfied. <z first problem is that
we do not have all samples available, and due to the infinite extent of
the Fourier transform the missing sample values are not all equal to
zero. A second problem is that our observations are likely to be cor-
rupted by noise.

There are several approaches towards the solution of the problem.

As our scene has finite support, and is assumed to have finite energy,

its Fourier transform is analytic over §; /5/. Knowing Y(f) over some

region of finite, nonzero, support allows one, in principle, to apply

the concept of analytic continuation. Theoretically there is a basis

for the belief that our observations contain sufficient information to

w somehow extend these observations beyond the finite observation support.
This signal extrapolation in the transform domain would then result in
the scene domain in resolution beyond the Rayleigh limit (so-called

! super-resolution). Analytic continuation requires higher order deriva-
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tives which are increasingly sensitive to noise, rendering the approach
practically useless,

Several other methods for extrapolation of band-limited signals
(the dual of our problem) have been reported recently. Most often
these procedures observe a band-~limited function over a continuous
support, One can expand this known portion in an orthonormal series of
prolate spheroidal wave functions, and the expansion coefficients are
then valid in a serles expansion for the entire signal /6/. More recent
methods are generalizations and variations of the iterative algorithm
due to Gerchberg /7/. 1In this algorithm the known finite portion of the
spectrum is Fourier transformed, subsequently limited to its known
extent, and another transform yields a spectrum which is corrected in
the observed portion. And so the iterations continue by again Fourier
transforming, limiting to the known extent, etc. Various proofs for the
cowvergence of this, and more general, iterative projection algorithms
have been given /8,9/. Recently a fast optical implementation of
Gerchberg's algorithm, in 2-D, has been reported /10/.

In the problem setting as outlined, the observations are available
on a discrete set of finite support. From the iterative procedure an
efficient one~step extrapolation method has been derived. Specific
examples given illustrate the potential use of the one~step algorithm by
successfully extrapolating to a twenty times larger support /11/.
Encouraged by these results we will in Section III, give an alternative
derivation of this one~step extrapolator, and extend it to 2-D. Subse-
quently an empirical investigation will be made of its potential per-
formance with respect to the desired enhancement of resolution in the
scene with limited support.

The second algorithm we will subject to closer investigation is
based on a rather different approach. We already referred to the fact
that the scene with limited support will facilitate a proper sampling
rate for the Fourier transform. Our scene has another property result-
ing from the physical constraint that light intensity is a nonnegative

quantity. The function representing the scene, has therefore all the
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properties of spectral density function associated with a wide sense
stationary stochastic field /16/. High resolution in our scene domain
should therefore be expected from the application of so-called super
resolution spectrum estimators /17/.

Our observations are samples of the Fourier transform of the scene,
which by the Wiener-Khinchine relationship, corresponds to the autocor-
relation function. Direct or indirect extrapolation of a finite set of
autocorrelation samples is the main thrust in modern spectrum estimators.
In the method made popular by Burg /12,13/, the autocorrelation exten-
sion is such that the resulting spectrum has the maximum entropy of any
power spectrum, while being consistent with the measured data. The
resulting all-pole, or autoregressive (AR) wodel is stable, and can
therefore be used to extrapolate the known segment of the autocorrelation
function to an infinite extent. The associated high resolution spectrum
can be evaluated from the parametric model without actually performing
the extrapolation. In order to place confidence in the spectral estimate
so derived, one must have infinite confidence in the parametric model.

A more appropriate measure of confidence may be expressed by performing
the extrapolation over a comparatively extended, but finite, support.
Many different methods are available, and some comparative analyses have
been reported /14/.

Most of the activity has been in 1-D spectral analysis but exten-
sions to 2-D have recently become available. An application of the
maximum entropy method in image reconstruction, was fairly successful in
reconstructing a "stacked blocks" phantom from a relatively small number
of 2-D frequency domain samples /15/. As in the 1-D case, there are
reasons one might attempt to use a pole~zero, or autoregressive-moving
average (ARMA), model. With the same number of parameters one may
represent certain spectra more accurately /18/, It is much more diffi-

cult, however, to evaluate these parameters, and to guarantee a non-

negative spectral density. In Section IV we will briefly introduce one
such 2~D ARMA spectral estimator, for which a FORTRAN IV package was
made available to us /1/.

[N
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1I. OBJECTIVES OF THE RESEARCH EFFORT
The objective of this research effort was to show the feasibility

of some of the most recently developed spectral estimation techniques,
for enhancement of resolution in 2-D scenes with finfite support.
Specific algorithms to be implemented and investigated are a parametric
ARMA 2-D spectral estimator /1/, and a signal extrapolator for signals
with finite support /2/. The latter requires the development of an
extension to 2-D.

It is a further objective of the present research to identify
improvements or new techniques that will lead to increased performance

in terms of resolution and/or algorithm implementation considerations.
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I1I. THE EXTRAPOLATOR APPROACH

In general /19/, we may state our problem in terms of a distortion
operator :6 on the signal, resulting in the observation Y:

\y =AY | (4a)

In addition, we may have some a priori knowledge that puts a constraint

on the Fourier transform of the scene X. This constraint is expressed

by the constraint operator @ :

1: @K (4v)

Substitution of (4b) into (4a), ylelds:

\V=2)09X (5)

From (4b) and (5), we can therefore also write the following equality:

K=CX s (J-DEX) Vp  ©

Or, in general:

ngfx (7a)
=/ay+ (\7-/4‘.2))@)( (7b)

=/"y+ gx (7¢)

where \7 denotes the identity operator. A classical approach to find-
ing a solution X (a so-called fixed point of the operatorg ), 1is the
method of successive approximations., In the right hand side of (7) we
substitute an approximation xk, to yield a new approximation at step
k+l:

4~9
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)(kﬁ=g_)(kg/uy+§)6‘ (8)

This brings us to the important issue of when the iterative algo~
rithm of (8) converges. According to the contraction mapping theorem
/3/, (7a) has a unique solution, the fixed point X, if g is a contrac-
tion in some subspace, More importantly, for every starting point xo
in that subspace, the corresponding successive approximation sequence

converges to X. An equivalent requirement for convergence, is that

} is a contraction. The latter translates into the requirement that the
, operators ( J—Iu D) and @ are nonexpangive, and at least one of these
L{ 3 is a contraction. If both operators are merely nonexpansive, many solu~

tions could exist and convergence of the iterative algorithm may or may

not occur.
OQur scene has limited support, and satisfying the sampling theorem,
it is completely determined by all its samples. We can only observe a
limited number of these samples, as expressed by the truncation x

: r operator 9.

- j:g—x 9)

|
!
)
i
% i
The scene support 5 ¥ ® and the data support Si are rectangular, ’

J

|

S 3 ={x:—1,‘4 X<T , -';ex,s‘{! (10a)

X
2
- Sd={n:%sn,sﬁf¥#,%¢met\{,%} (10b)

‘ where . denotes the sampling interval. As a constraint we use the
“ fact that our scene is space limited, and denote this by the operator B .

x =\%X (11)

ot s,
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Starting with our finite set of observations, this leads to the

folloving iterations:

Xo = y (12a)
Xew= J + (T-pT)BX, azm)

Note that the second term on the riyht hand side of (12b) is a correc-
tion term to the known samples. Over 5;(' we do not want any correc-
tion, and express this by choosing = 1. One can then show /19/, that
(J— ?) and.Q) are ‘nonexpansive operators. For the continuous case
the operator (J—?)@ can be shown to be strictly nonexpansive,
thereby guaranteeing the convergence of the iterative process in the
continuous case. In the discrete case the operator (J—s- ).3 is
not strict];y nonexpansive, so that convergence of the iterative algo-
'« rithm cgnhot be guaranteed.

Le¢t us suppose that the iterative process converges to a solution
Xm From (12b) we then have, with /-L =1,

. - ){b= y,u. (\7.9').,8)(“ (13)

The solution satisfies the constraint, so that

Y=TBK, (14a)

cBTX, (14b)

We should therefore find a solution gd )(“ that satisfies (14b), For
the particular case we are dealing with;

: 2
. Yoy 2 ¥ (w) T"’E;& Sic 2T (n-m)
me& (2] 1’ 7

YneSy as




This same relationship can be used then to extrapolate, by replacing
Y(n) by X(n) and executing (15) Vn ¢ S& . Note that Y(n) repre-
sents a 2-D array that is known. Let us define the 2-D array Z(m) as

follows:
2w = aT, S gl = TX (W (16)
- an 7 |

PR T

Expression (15) can then be represented in 'matrix formulation

\\/ = 3, Z 32’ (17a)
25,@ | am

JONR

where 1
. N, ‘-
¥ (5,)= J b a2 (».-eil Vieyoly a0

\ ' “ N,_
ot (5) = { hae 5 (i Viziohy
Rl

the matrixes S1 and 82 are symetric and Toeplitz, so that (17b) can
be solved efficiently for Q, by solving

for each column of Q /20/, Knowing Q we then have the following from
(17a/b):

] =52
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This system is then solved, in the same efficient manner, by solving
I'd

m. (@) §, ™ (2) 20) g

for each row of 2. The solution Z , if it exists, can then be used
to extrapolate beyond the finite data support. This system of symmet-
ric, Toeplitz solvers was implemented in FORTRAN IV, and results are
reported in Section V.

e et el ) . o el -_‘._.
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IV. THE PARAMETRIC APPROACH

We referred to several parametric approaches that could be taken,
The one implemented was somewhat dictated by the availability of the
corresponding FORTRAN code, and its reported promise for resolution
enhancement. In the 2-D getting, ARMA spectral estimation assumes the
following model to underly the wide sense stationary data process:

2 Q. X(h-k) = Z 4( Eln-£) (21)
ke‘: :
where a and b are 2-D arrays and t: {k, o k,SP,, o< & éP,Z and
. Again, the data is available
£ oeﬂ £g,,0c ke g
over a f nite support 1€ N € N and /< ";‘Mz say. The excita-
tion process £ is assumed to be white. With the process x is associ-
ated a spectral density function, given by

-'n'w
S¢=2 Bime? (220)
nell

Where I denotes the set of all integers, and R denotes the autocorre-
lation function, defined by

Q(n) = céo { X (ktn) x*(k)f" (22b)

In order to get the spectral demsity function all of the samples of the
autocorrelation function are needed, A finite data set does not
generally contain sufficient information to determine the entire correla-
tion function. One can alternatively evaluate the spectral density func-

tion from the parameters in (21), as follows /16/:

fw
Z b eJ !
et £ T

[Z PTAL /z

kS
where U 18 the variance of the excitation process.

Sx (w)

(23)
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In his particular method, Cadzow defines in an ad hoc manner his
*
"basic error terms" by multiplying (21) by x (n~-m): i

e(u,n) = kezt & X(n-k) X*Zn—h\) (24a)

= 2 é( sln-4) X (n-») (24b) ¢
bl

The index set for m is taken such that the random variables A
£( n- f) x*(”__ M ) are uncorrelated. The zero mean excitation :
then renders the "basic error terms" to be zero mean random variables.
By minimizing a weighted squared error criterion, (24a) yields an
estimate for the autoregressive coefficients via the solution of a
linear system of equations, much like the modified least squares or
linear predictive coding algorithms. Substitution of the a, array in
the difference equation satisfied by the half plane causal correlation
function, readily yields a representation for the power spectral density
124/ .
We note here that the coefficient arrays a, and by are estimated, ,

and no constraint is incorporated to guarantee that the estimated spec-

tral density function is nonnegative. The corresponding estimated scene
would have a negative light intensity over some subset of its support.
In Section V we will give the detail: and results of the A®MA scene

. estimator.

=
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V. NUMERICAL EXAMPLES

The ARMA FORTRAN code was first transcribed to the RADC Signal
Processing Lab's computer, and its computational speed increased. This
process took significantly longer than anticipated, The ARMA package

operates on an array of real data, so that our data generator has to

I

generate a real data array. For convenience of generation the scene

was chosen to be separable, and took the following form in each of its

directions:
x (k)
A, 3,
L 4

&

LN

-J; J; o # 1; '_%’“?

Figure 1, One Dimensional Phantom Scene,

Analytical evaluation of the Fourier transform yields

)(l/f): ,Z&oS.‘ZT]#Z; -4, - Jr.‘.c,#d, (25)
To satisfy the Nyquist sampling rate we choose the frequency sampling
interval equal to:

_ £, !

= —— (26)

‘T am T ety
where d; >/ 1s the factor by which we over-sample, Due to the
linearity of the Fourier transform, the data field is also separable
and given by:

)(¥¥7 = )(Mc) ')644,)
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In order to synthesize a more complex phantom scene, up to three
of these rectangular phantoms can be added, each parametrized by 1its
own T , A , and amplitude. Due to the symmetry of the resulting
scene, its Fourier transform is real, with the same type of symmetry.
With such symmetry only the NE quadrant will be displayed. We note
here that the real data requirement is not essential for the extrapo~
lator approach. Due to the symmetric limited support assumption, the
matrices S1 and 82 in (17) are real. If the data array were complex,
this would translate to parallel extrapolators, the one for the real
part independent from the one for the imaginary part. As we will use
real data, the extrapolator for the imaginary part becomes the zero
operator.

Given a specific data array the extrapolator approach consists of
two steps:

4) determine the extrapolator matrix, i.e. find a
solution to (17). (64 bit wordlength used)
4i4) use that solution to extend the data array as
in (15). (32 bit wordlength used)
As it is rather difficult to get a reasonable idea of the resolution
enhancement from a direct comparison of the extrapolated and analyti-~
cally determined arrays, this comparison is visualized by displaying
the FFT of these arrays after zero-padding to a 128 x 128 array., The
resulting display is affected by aliasing due to the truncation of the
data array. It is however a perfectly valid way of comparison due to
the fact that the FFT operator is one-to-one,
For the following choice of parameters, a phantom scene was Fourier

transformed and then sampled:

>
"

K'g
"
\

(28)

N
"
D
n 1}]
o~ R
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Samples of the original scene are displayed in Figure 2, Taking a 3 x 3
data array, the classical processing procedure zero-pads and takes an
FFT, the result of which is displayed in Figure 3. Visualize the other
three quadrants and notice that one big blur is produced by this classi-
cal processing method. We actually have four little phantoms, The same
3 x 3 data array is next extrapolated to an B x 8 array, and compared to
the 8 x 8 analytical array. The results are shown for comparison in
Figures 4a and 4b respectively. Note that the blur has become smaller,
and also that the extrapolated and analytical data are virtually the
same. Next we extrapolate the 3 x 3 data array to a 16 x 16, and 32 x 32
array respectively, and perform the respective FFT operations. The
results are shown in Figures 5 and 6 respectively. In Figure 5 we start
to resolve the four phantoms, but we also note that the extrapolator
starts to deviate from the analytical data. Extrapolating even further

yields a larger discrepancy as shown in Figure 6.

Let us now add another phantom with equal amplitude, A,:Az= !/,
and ’Z’; = ?é = [/0 . The sampled original scene is shown in Figure 7, ) 3

and the classical approach of zero-padding the 3 x 3 observations leads
to Figure 8. We then extrapolate to an 8 x 8, and 16 x 16 array respec~
tively. A comparison can be made from Figures 9 and 10 respectively, and
shows that the extrapolator deviates increasingly from the analytical
data. These results show that the extrapolator, as implemented here, cén
work. The author does not intend to call these results "typical",
however, as attempts to start from larger data arrays, as 8 x 8, do not.
yield a solution for the extrapolator array. This is due to the ill-
conditioned nature of the matrix operators Siand 52 /22/. Another

approach would be to start with a 3 x 3 array but with a faster sampling

. rate. This, again, leads to the 1ll-conditioning problem /22/, In hind-
sight, these problems might have been anticipated, as it is noted in /2/,
that generally a subset of band-limited signals exists for which the one-
step extrapolator problem does not have a solution. In the author's
experience arbitrary band-limited signals fall in the disclaimed class
with high probability.

L 4-18
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Due to the extreme sensitivity to any type of noise, the practi-
cality of the one-step extrapolator is rendered nil. The principle of
extrapolation remains fully valid, however, and emphasis must be
directed towards different procedures and algorithms. Recall that in
the successive approximation approach a constraint operator was intro-
duced. Such a constraint limits the number of solutions one may find.
The ill-conditioning effect is really an expression of the existence of
many solutions. This suggests investigating the 1terative approach
with more constraints. A natural constraint we have not used is the
positivity constraint. It could easily be incorporated in the itera-
tive approach, in addition to other constraints, as long as the set of
constraints is compatible /21/.

The scene in Figure 7 gemerates a 32 x 32 data array, on which we
now operate with the ARMA scene estimator, The model orders in (21)
have been fixed at Py =Py, =9y =49, = 6 . Computational requirements
limit the flexibility to increase the model orders, and we note that an
order of 6 is fairly restrictive. Some processes can be modeled well,
others only poorly with such low order, The required system memory for
the ARMA package, limits the order to 6 for the RADC Signal Processing
Lab's computer, unless special arrangements are made. Figure 11 then
shows fairly good resolution for the general location of the phantoms,
even though the data is oversampled considerably (a necessity in the
extrapolator approach). This result should be compared again to the
classical approach, as depicted in Figure 12. Note that we have far
better resolution indeed, by using the ARMA method. In essence, this
is the type of data for which the ARMA model is well suited, as the
scene approximates a scene of impulses. It was for sinusoids in
relatively low level noise that encouraging results were reported /1/,

The next phantom is determined by the parameters
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each of equal amplitude. The sampled scene is shown in Figure 13, and
the ARMA scene estimate and the classical estimate are given in

Figure 14. We note that the classical approach does a reasonable job
here, as no high resolution is required. Furthermore, the jargon super-
resolution has always pertained to resolving closely spaced peaks, as
opposed to resolving closely spaced nulls, Note that the ARMA scene
estimator is fairly robust, in the sense that its estimate does in some
sense reflect the phantom. It is here the estimator that is constrained
so much by the low model order, that it cannot represent the particular
phantom more accurately. The ARMA scene estimator is quite promising
therefore if higher model orders can be implemented in a computationally

efficient manner.
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Figure 2. Original Phantom [ (28).

Figure 3. After Classical Processing of 3x3 Data.
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Figure 4a. After Processing of 8x8 Extrapolated Data.

Figure 4b. After Processing of 8x8 Analytical Data.
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Figure 7. Original Phantom II.

g Figure 8. After Classical Processing of 3x3 Data.
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Figure 9a. After Processing of 8x8 Extrapolated Data.

Figure 9b. After Processing of 8x8 Analytical Data.
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Figure l4a. ARMA (6,6,6,6) Scene Estimate from 32x32 Data.
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Figure 14b. After Classical Processing of 32x32 Data.
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VI. RECOMMENDATIONS

Our experiments show that the one-step 2-D extrapolator can work
in principle. Its relatively simple implementation, however, is
extremely sensitive to any type of noise not satisfying the limited
support assumption. This non-robustness renders the technique of low
value in practical situations.

The emphasis should be on recursive techniques for signal extrapo-
lation, as these are less prone to accumulation of errors. It is
easier, in addition, to incorporate many different constraints, thereby
shrinking the number of possible solutions of the ill-conditioned
system of equations to be solved. The constraints may be of a probabi-
listic nature to handle measurement noise.

Recall that in the continuous problem we need to solve a first
order Fredholm integral equation (3), and that this problem has a
unique solution. It is the discretization process that transforms a
well-conditioned problem into an ill-conditioned one. A recent sugges-
tion /23/ is to pay more attention to this discretization process.
Properties of the known kernel of the Fredholm integral equation can
lead to a non-uniform sampling scheme, that results in a well-conditioned
system of equations for the discrete case.

The ARMA scene estimator gives promising results for pointlike
scenes, as these can be represented by a small number of ARMA parameters.
To represent more complex scenes, a large number of ARMA parameters is
neces. .y, which presently leads to "the curse of dimensionality" for
the required computational burden. Truly computationally efficient
algorithms for ARMA modeling need to be developed. ARMA order determina-
tion procedures should form an integral part of such algorithms.

Another approach is to limit the class of scenes one wants to
represent. This would hopefully lead to a specialized class of basis

functions for such scenes, thereby reducing the number of parameters

necessary for its representation.

L




As a scene has all properties of a spectral density function,
the measured FPourier transform data are samples of a correlation func-
tion, rather than the underlying process itself, It seems more
rational, and appropriate, to direct the parametric modeling towards

covariance sequence modeling /25/.
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DECOMPOSITION OF NITROMETHANE
OVER METAL OXIDE CATALYSTS
by

Jay B. Benziger

ABSTRACT

In the course of this work, the reaction of nitromethane over NiO/alumina 4
and Cr203/a1unina catalysts was examined to determine the feasibility of
developing a nitromethane based monopropellant system. The kinetics of
nitromethane decomposition over those two catalysts were found to be ade- ’?
quately represented by Langmuir -Hinshelwood expressions

K P
r= -ksC' -I:—Ke_P

under conditions T = 100 - 300°C, P =1 - 100 torr. The kinetic parameters
kscs and Ke were measured and used to fit the data over the entire temperature
range. It was found that nitromethane decomposition caused catalyst deacti-
vation due to carbon deposition, which was due to the fuel rich nature of the

nitromethane, The rate of deactivation was found to increase with decreasing

temperature. Lastly, a reactor model was presented to display the qualitative
features of operation of a monopropellant system. Catalyst bed length and
preheat temperature and feed temperature were identified as the important

parameters in determining system response time.
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I.  INTRODUCTION

Small rocket thrusters and demand gas generators utilizing monopropel-

lants are extremely important in rocket technology. Hydrazine is extensively

used as a monopropellant for small attitude ~ontrol thrusters and is currently
the most important monopropellant. However, hydrazine has recently been !
identified as a suspected carcinogen which has prompted efforts to identify

new monopropellant systems.

&
Nitromethane has been identified as a possible replacement for hydrazine
as a monopropellant. It has a theoretical specific impulse greater than " ¥
» ¥

hydrazine. 1In a atudy performed by the Acurex Corporation for the AFRPL,
several nitromethane based propellants were examined (1). They examined {
several metal - oxide catalysts with nitromethane/1,7-octadiene,
nitromethane/cyclohexane, and nitromethane/o-xylene mixtures in a packed bed
reactor in an effort to identify an optimal system. The hydrocarbon was added

in an amount of 4-6 wt % to desensitize the nitromethane to detonation and to

act as a diluent reducing the adiabatic reaction temperature. The main

results from the Acurex report are summarized below: |

1) Two catalysts - NiO/alumina and Cr203/alumina were identified as

having the highest catalytic activity for nitromethane decomposition.

2) The catalyst activity declined with time as evidenced by an
increase in the lightoff temperature and a longer response time requirad to

achieve steady state temperature and pressure,

3) Of the three hydrocarbon desensitizers 1,7-octadiene yielded the

best performance when judged with respect to its influence on catalytic

activity.

The report also concluded that surface area was important in the
catalytic activity; the study cited results showing crushed catalyst pellets

-
displaying greater catalytic activity than uncrushed pellets. It will be
shown below that this result is the result of diffusional limitations in the
. catslyst pores rather than being due to surface area.
4 .
5-4
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I1. OBJECTIVES

The purpose of the present study is to examine the catalytic decomposi-

tion of nitromethane over Ni0/alumina and Crzoalllu-ina catalysts in order to

assess their performance in nitromethane based monopropellant sytems. Parti-
cular attention has been given to the reaction products and reaction kinetics
for the heterogeneous catalytic reaction. A flow reactor has been used in
conjunction with a mass spectrometer to experimentally measure reaction ;
kinetics and the reaction products. This information has been used to evalu-

ate the behavior of nitromethane based monopropellant systems. J
111. EXPERIMENTAL PROCEDURE

The experiments were performed on a Finnigan 400 GC/MS. The gas chromoto-

graph was modified to serve as a flow reactor, while the mass spectrometer was

used to monitor the reactor effluent. A schematic of the apparatus is shown 1

in Figure 1., Helium (99.999X) was metered through a flow meter and bubbled

through nitromethane (Eastman spectrograde) in a constant temperture bath.

r The helium, saturated with nitromethane, flowed through the reactor
maintained at a constant temperature in the GC oven. A glass leak was used to

sample the reactor effluent. The sampled gas was stripped of helium using a 7

jet separator before introduction to the mass spectrometer.

Quantitative analysis of the mass spectral data was performed by experi-
mentally determining the relative sensitivities of the reactor effluents
sampled by the mass spectrometer. The mass spectrometer was run at an
electron ionization energy of 25 volts to reduce fragmentation. Relative
ionization probabilities for different gases were measured at a known
pressure. The enrichment by the jet separator as a function of mass was given
by the manuf2:turer (2). The relative sensitivities (with CO, as a reference)
are given in Table 1. Usually, the nitromethane pressure in the reactor feed
was known giving a calibration point. An additional calibration was provided

by adding a known Argon leak to the Helium to provide a constant reference

pressure.
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TABLE 1
RELATIVE SENSITIVITIES FOR REACTOR EFFLUENTS
SPECIES JONIZATION JET SEPARATOR RELATIVE
PROBABILITY ENRICHMENT SENSITIVITY

Nﬂa(n/e 17) 0.53 0.58 0.91

HZO (m/e 18) 0.85 0.59 1.45

HCN (m/e 29) 0.69 0.73 0.9

CO (m/e 28) 1.2 0.75 1.6

Nz (m/e 28) 1.3 0.75 1.7
CB3CN (m/e 41) 0.89 0.95 0.93

COz (m/e 44) 1.0 1.0 1.0
cn3n02 (m/e 61) 0.96 1,27 0.77

Note that hydrogen is removed by the jet separator and cannot be detected as a

reaction product.

The reactor was a glass tube, 1 cm in diameter with a glass frit om the
bottom to support the catalyst bed. The catalyst bed was 0.6 ca deep. The
temperature of the bed was monitored by a chromel-alumel thermocouple
attached to the outside of the reactor. Pressure was measured by a diaphragm
gauge located downstream of the reactor. Total pressure in the reactor was
maintained of 1 atm. A blank run of nitromethane flowing through the reactor
with no catalyst showed no activity up to 300°C, vhich was the maximum temper-

ature used in these studies.

A typical experiment consisted of outgasing the catalysts to 275°C under
vacuum for 30 min., and then allowing them to cool' to 100°C while still under
vacuum. Gas flow was started with a helium flow rate of 70 c-3/lin (measured
at STP). The nitromethane pressure was fixed by choosing the temperature of
the temperature bath containing the nitromethane. The reactor temperature
vas ramped up to“270°c at a rate of 2°C/min and a mass spectrum of the reactor
effluent was recorded every 15 sec. After reaching the final temperature the
reactor temperture was held constant, and mass spectra continued to bde
recorded. A typical set of spectra for the ammonis product are shown in
Figure 2. Similar results are obtained for all reaction products with the
exception of hydrogen. The ordinate is scan aumber, which corresponds to
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time. The rising portion of the curve, from scan 100 to 330 corresponds to
heating of the reactor from 145 to 270°C. The kinmetic parameters (activation
energy and pre-exponential factors) may be evaluated from this data. The
falling portion of the curve from scans 350 to 600 corresponds to the iso-
thermal reaction rate during which catalyst deactivation is occurring. The
rate of catalyst deactivation may be determined from this data.

A second type of experiment that was performed was to vary the nitro-
methane pressure while maintaining the reactor temperture fixed. In this
experiment, the temperature of the nitromethane bath was increased gradually
by heating a water bath from 0°¢C to 35°c, vhich caused a variation of the
nitromethane pressure from 8 torr to 60 torr. The reactor temperature and
helium flow were maintained fixed at 264°C and 70 c-3/-in, respectively. A
fixed Argon leak was added to the Helium flow to calibrate the reactor pres-
sure. Reactor effluents were monitored every 10 sec, which corresponded to

every 1 torr increase in feed pressure at 50 torr.

The catalysts used in these experiments were obtained from Alfa
Products. They were both 3 mm pellets with a nominal surface area of 70 nzlg.
The NiO/alumina catalysts were 42% Ni0O by weight and the Cr203/alunina
catalysts were 152 Cr203 by weight. X-ray diffraction analysis showed no
crystallinity for either catalyst. BET analyses were performed with a Micro-
meritics Digisorb 2500. Surface area and pore volume distrubitions were
obtained on the pellets and <160 mesh powder. The surface area results given
in Table II showed little effect due to crushing. Pore size distributions for

the two catalysts are given in Figure 3,

TABLE 1I
BET SURFACE AREA OF CATALYSTS
Catalyst Surface Area (mzigl

Crzoslalumina Pellet 61.0
Cr203/a1unina Crushed 61.3
NiO/alumina Pellet 75.1

NiO/alumina Crushed 80.7

we




~
'r FIGURE 3
6 | Pore Size Distribution
‘ Ni0/Alumina Catalysts
>
«
[+3}
?
b 4 J
po )
w
G
o
2 * 1
| l M
0 | | TP M T
l.ﬁLnl.nml.ﬂml()LDLDLf)LO\ﬁU)lDI()U)\_)LjOOOOOD&)()«J(JOOOOOO
E mz%:wsgBsss:magagﬂwgsmsasxﬁegamama
T et et = e e MY N N AN M s
r Average Pore Diameter (Anystroms)
8 J
Pore Size Distridution
Cr,0./Alumina Catalysts
6. 273
(]
et
@
(9}
13
G
a2
[
r
0 l ' l_l ] l,l Ll

\nm\.nanm\nmmunmmmmuymODODOOODOOOOOOOOOO
Nr\Nr\Nv\Nr\(\u\Nr\Nr\Nv\mmlnmmmoooouoommmmc
NNMMV?LDLO&O\D!\!\OJODO\O’\O»—NMVU)f\chr—MIDr\O\Nr\Nr\m

e e e~ MMM N NN MM

Average Pore Diameter (Angstroms)
5-10




IV. IDENTIFICATION OF REACTION PRODUCTS

The reaction products'fron nitromethane decomposition were determined
from their mass fragmentation patterns. Listed in Table III are the mass
spectra for various possible reaction products. Table IV lists the mass
spectra for the reactor effluent with Ct203/a1umina and NiO/aluaina
catalysts. The reaction products identified were NH3, HZO, HCN, CO and Nz,
CH3CN and 002.
could not be detected in these experiments.

In additionm, Hz was determined to be a product, although it

Several other species could be eliminated as significant reaction

A

products. The m/e: 17 m/e 16 ratio corresponded to that for NH3, indicating
that the m/e 16 fragment in the reactor effluent spectra was due to NH3 and
not CH,. The results also indicated that the NO_ products were also insigni-
ficant as the m/e 30: m/e 46: m/e 61 ratio was the same during reaction as

found for pure nitromethane.

From the experimental results, it was impossible to separate the CO and
N, products directly, and any Hz product could not be detected. It was

possible to separate out these products from the data by using mass balances

in conjunction with the experimental results. For the chemical reaction

CH.NO, + V. H

3NOy > ViHy + ¥V

2NH3 + v3H20 + vaﬂcn

+ VN, +v

5N, co

COo + v7CH3CH + vV

6 8772

four mass balances may be written for the four atomic species. 1In addition,
the stoichiometric coefficients for NH3, Hz, HCN, CH3CN, and co2 were directly
available from the experimental results; they were computed as

Pileffluent (“/E)i R.

x 2
PNH, inlet - PNH, effluent (n/c)gl - (-/e)61 R

wvhere

(n/e)i is the magnitude of the product peak
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CH

NH

H,0

HCN

Cco

CH,CN

co

NO

CH,NO

TABLE III

FRAGMENTATION OF SPECIES AT 25eV

m/e fragment

16(100)

17(100)

18(100)

27(100)

28(100)

28(100)

30(100)

41(100)

44(100)

30(100)

30(100)

(Relative
Magnitude)

15(40)

16(35)

17(8)

28(2)

14(6)

40(45)

46(80)

61(58)

14(8) 42(5)

16(8)

15(40) 46(35)
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TABLE 1V

MASS SPECTRA OF REACTOR EFFLUENT

RELATIVE MAGNITUDE

m/e ' Cr203/Alumina Catalyst NiO/Alumina Catalyst
15 38.02 40.35
16 19.73 20.17
17 54.32 64.12
18 58.75 26.45
27 41.64 0.89
28 17.90 8.96
29 3.82 1.79
30 80.28 100.00
40 2.41 1.06
41 8.45 4.93
43 4.42 1.79
44 100.00 83.85
45 4.42 1.79
46 30.38 35.42
61 46.27 54.70
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o

(n/e)zl - (m/e)61 is the change in magnitude of the nitromethane parent
peak due to reaction

Ri is the relative sensitivity given in Table I.

The known stoichiometric coefficients were substituted into the mass balances
to determine the stoichiometric coefficients for Hz, Nz, and CO. The reaction
stoichiometries for nitromethane decomposition over Cr203/alunina and

NiO/alumina at 10 torr and 260°C are summarized in Table V.

The influences of temperature, pressure, and catalyst deactivation on the
reaction stiochiometry were also examined. The effects of temperature and
pressure on reaction stoichiometry are shown in Figures 4 and 5. For both
catalysts, it was found that hydrogenation activity increased with increasing
pressure and decreasing temperature. Hence, the relative amount of H20 and
NH3 products increased with increasing pressure, while coz, Nz, and H,
products decreased. Hydrogenation activity also showed a slight increase
with time on stream while total catalyst activity decreased. Tables VI and
V11 compare the reaction stiochiometries for fresh catalysts and after 90
minutes on stream. The NH, product showed an increase in relative yield while
CO, and N, showed decreases in their relative yields.

A cautionary note should be raised at this point. The quantitative
aspects of these results rely on the assumption that instrument sensitivity is
independent of pressure and gas composition., This assumption is only approxi-
mately true so that the stiochiometries reported should be viewed as being
accurate to within +10%. Furthermore, changes in stoichiometry with pressure
and temperature should be viewed only as indicating the direction of change,

and the quantitative aspects should be viewed with caution.

V. KINETICS OF THE HETEROGENEOUS DECOMPOSITION

The reactor configuration was such that it was mwost appropriately
modelled as 2 well mixed vessel. The rate of reaction was then given by the
difference of the molar flow rates in and out of the reactor. As helium was
always in a great excess it was reasonable to assume that the total molar flow
rate was constant, equal to the helium flow. The nitromethane flow into the

reactor (Fi) is given by
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TABLE V

REACTION STIOCHIOMETRY

Species Homogeneous Over .
Reaction* CrZOS/Alunina

H, 0.003 0.10

CH, 0.26

NH, 0.33
uzo 0.60 0.69
HCN 0.10 0.25

co 0.37

N, 0.06 0.18
c2“ﬁ 0.01

HzCO 0.12

NO 0.74

C,H¢ 0.01

CH30H 0.07

CH,CN 0.05
co, 0.05 0.66
N0 0.02

No, 0.01

* Taken from ref, 8

+ At a nitromethane pressure of 10 torr
Ve
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0.06

0.66
0.33
0.01
0.03
0.12

0.07
0.82
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TABLE V1

INFLUENCE OF CATALYST DEACTIVATION ON
REACTION STIOCHIOMETRY - Cr203/A1uli.nl

T = 265°C Pcuauo = 10 torr
2
SPECIES FRESH 90 MINUTES
CATALYST ON STREAM
H, 0.10 0.12
NH, 0.33 0.36
1,0 0.69 0.67
HCN ' 0.25 0.28
N, 0.18 0.17
co -— 0.01
CH,CN 0.05 0.03
co, 0.66 0.66
5-18
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TABLE VII

INFLUENCE OF CATALYST DEACTIVATION ON
REACTION STIOCHIOMETRY - NiO/Alumina

] ° -
T=265¢C Pc‘l NO 10 torr
372
SPECIES FRESH 90 MINUTES
CATALYST ON STREAM

, H, 0.06 0.02
»

Nll3 0.66 0.71

uzo 0.33 0.31

r BCN 0¢ 01 ———e——

Ilz 0.12 0.09

co 0.03 0.10

CH3CN 0.07 0.03

coz 0.82 0.79
.‘ ‘e

A
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F, = q(4.06 x 10

where

q = helium flow measured by the flow meter in cm3||u'.n-1
P° = nitromethane vapor pressure in torr at the bath temperature.

The molar flow of reaction products in the reactor effluent (Foi) was deter~
mined from

(m/e)i P°

F; = q (4.06 x 1072) Gwieen *5*960
where
(n/e)i = mass spectrometer signal of product i
m/e 61 = mass spectrometer signal of CH3N02 with no reaction
S = gensitivity of reaction product relative to nitromethane

The rate of reaction is given by the difference in the molar flow rates.

4 gmol/s were measured. Specific

Reaction rates between 10-6 gmol/s to 10~
rates were obtained by dividing the measured rates by the catalyst surface
area. The influence of diffusional limitations on the reaction kinetics may
be ascertaired using the Weisz-Practer criteria (3). The Weisz ¢ parameter

may be estimated assuming an effective diffusion coefficient of 10-2c-2/a.

2
(rv)obsL
= Dec

where

(rv)obs = observed reaction rate per unit volume of catalyst
L = characteristic particle dimension
De = effective diffusion coefficient

C = concentration in reactor
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For the observed reaction rates it was found that

1007} <o <10

This represents an intermediate regime :n which diffusional effects may or may
not be important. It is inconvenient to ignore diffusional limitations in the
kinetic analysis. We shall return to this assumption after developing a
kinetic model.

The rate of formation of the various reaction products from nitromethane
decomposition over a Cr203/alunina catalyst as a function of pressure is shown
in Pigure 6. The rates of formation of various products as a function of
temperature are shown in Figure 7 for scans 0-250, and the rates of formatiom
of the products as a function of catalyst activity are shown in Figure 7 for
scans 250-370. These results show that except for minor variations all the
reaction products are formed at the same relative rates indicating a single
rate limiting step in the reaction sequence. Similar results were obtained

for the NiO/alumina catalyst.

The existence of a single rate limiting step considerably simplifies the
kinetic analysis as it will suffice to consider a single reaction product.

For kinetic analysis, it was decided to follow the co, product as it repre-

sented the most significant product over both catalysts. The rate of C!O2
formation as a function of nitromethane pressure in the reactor over the
Ct203/llulinl and NiO/alumina catalysts are shown in Figures 8 and 9,
respectively. The observed behavior, an increasing rate at low pressures
spproaching an asymptotic limit at higher pressures, suggested a Hougen-
Watson type of rate expression (4)

K P
=y kc_e-

4
8 coz s 31+Kel’

wvhere
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Veo is the stoichiometric coefficient for co2 formation
2

ks is the rate constant for the rate limiting decomposition step

c' is the number of surface adsorption sites

Ke is the equilibrium constant for nitromethane adsorption

P is the nitromethane pressure

It should be noted in passing that the term C KeP represents the number of ﬂ
14K P
e

nitromethane molecules adsorbed on the catalyst surface.

In the rate expression given above, both k‘ and K, are exponential
functions of temprature. The surface rate constant k, may be written as
« ae"E/RT

k
s

where

A is a preexponential factor

E is the activation energy of the rate limiting surface reaction

R is the gas constant

T is the absolute temperature

The absorption equilibrium constant may be written as

o OG/RT _ AS/R . -AH/RT

-

. K =
. e
where

AG is the free energy change for adsorption

A8 is the entropy of adsorption
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AH is enthalpy of adsorption

All the kinetic parameters may be estimated from an appropriate choice of
experiments. At low pressure and high temperature, the rate expression may be

approximated by

r, = vcoksCsKeP

A plot of In r/P versus 1/T has a slope of —(E + AH)/R, and an intercept of i

ln(vco Aca) + %§ . At high pressures the rate asymptotically approaches a
. constant
Ts = vCO kscs

2

At high pressure, a plot of In(r) versus 1/T has a slope of -E/R and an
1 intercept of ln(vco AC.). Combining the high and low pressure limits with the
known stoichiometry one can obtain E, AH, AS, and AC_. The values obtained in
these experiments are listed in Table VIII. These kinetic parameters have
been used to calculate the isothermal reaction rates as functions of pressure

r and the results are compared with the experimental data in Figures 8 and 9,

VI. CATALYST DEACTIVATION

It was observed that the catalytic activity for nitromethane decomposi-
tion significantly declined with time on stream. This was observed with both
the Cr203/a1uuina and NiO/alumina catalysts. The catalyst deactivation on
Cr203/alunina catalysts is shown in Figure 7. Scans 250-370 are the iso-
3 thermal catalytic activities as functions of time for the various reaction
products over a period of 30 minutes at 265°C. It is convient to introduce

the activitv function defined as

rate at time t
rate at time o

c-

The rate of deactivation was measured at three different reactor temperatures
by plotting ln § versus time, consistent with first order kinetics. Attempts
to fit the data with zero and second order kinetics were unsuccessful. The
rate constants are summarized in Table IX. It should be noted that the rate

of deactivation decreased with increasing temperature.
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Activation Energy

(kJ/mole)

Adsorption Enthalpy

(kJ/mole)

Pre-exponential Factor

Acs(mole/m2 - 8)

Adsorption Entropy

(J/moleK)

TABLE VIII

KINETIC PARAMETERS FOR
. NITROMETHANE DECOMPOSITION

» '”" .
Cr,0,/Alumina

164
~82
12

1.0 x 10

-119

5-26

NiO/Alumina

175

2.9 x 1012

-133
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Temperature

250°¢

265°¢

280°c

TABLE IX

RATE FOR CONSTANTS FOR CATALYST DEACTIVATION

Rate Of Cr203/A1umina Rate of NiO/Alumina
Deactivation Deactivation
| )
0.017 min 0.016 min
) L
0.0078 min 0.013 min
0.0046 min~! 0.0094 min~!
5-29
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The used catalysts were characterized by a darker color compared to the
fresh catalyst. BET analyses were also performed on the used catalysts. A
comparison of the surface area on the new and used catalysts is given in Table
X; there was approximately a 10X decrease in surface area after 90 minutes on
stream at 265°C. The pore size distributions shown in Figures 10 and 11
indicate a substantial shift in the average pore size to smaller pores on the
spent catalysts. Scanning electron microscopy was also used to look at the

catalysts, but no significant features were noted.
VII. DISCUSSION OF EXPERIMENTAL RESULTS

The catalytic deomposition of nitromethane has not received much atten-
tion in the past. Hermoni and Salmon (5) studied the catalytic decomposition
of nitromethane over various metal oxides and established an activity
sequence based on the lightoff temperatures in a flow reactor. This sequence
showed Ni0 and Cr,04 to be among the most active for catalyzing nitromethane
decompogition. It was also established in that study that the nitromethane
partially reduced the catalyst. No detailed kinetics or product analyses were

performed in that study.

The homogeneous gas phase decomposition of nitromethane has received
much more attention than the heterogeneous reaction (6-9). The homogeneous
decomposition has been found to be first order and produce NO, 1,0, CO and 084
as the main reaction products. A recent study looked at the reaction
mechanism in detail and found the reaction to be first order with a rate
constant k = 101le(-"l'sowm.)l-l

(8’9).

s and the stiochiometry given in Table V

From the results in Table V, it is clear that the heterogeneous reaction
is substantially different from the gas phase reaction. The most noteworthy
differences are the N, and co, producte from the catalytic decomposition,
which are insignificant in the homogeneous reaction, and the absence of CH4

and NOx products from the heterogeneous reaction.

These differences suggest substantially different reaction mechanisms.

The gas phase reaction is known to proceed by the initial breaking of the C-N




ke L,

TABLE X

COMPARISON OF SURFACE AREAS FOR
NEW AND USED CATALYSTS

CATALYST

ct203/alunina

new (L = 1)

Cr203/alumina

used ( = 0.58)

NiO/alumina

new ( = 1)

NiO/alumina

used (Z = 0.49)
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SURFACE AREA (m2/g)

61.0

53.2

75.0

70.9

.
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S

bond to give uoz and CH3 (9). The NO2 is subsequently degraded to NO, while
the methyl radicals are either oxidized or abstract hydrogen to make methane.
The heterogeneous reactions show substantial HCN and cuacu products, and no
NOx or Cﬂb products. This suggests that breaking the 2-N bond is not a
prerequisite to reaction. A wore reasonable alternative is the breaking of
the N-O bonds as rate limiting. A possible mechanism based on this assumption
is shown below. The bonding to the surface is shown to occur via the oxygens,

and may be envisioned to occur at anion vacancies in the metal oxide lattice.

CH;NO,(3) —> WgC—N

TR

o=

“55 -N
o

NI\
A
3

N AN

Many other possibilities can be suggested for the reaction mechanism, and from
the available data it is impossible to make any more definitive statement.
We did attempt to identify a possible kinetic isotope effect using CD3N02;
however, the reaction rates for the deuterated nitromethane were not substan-

tially different than the normsl species to draw any conclusions.

Another noteworthy feature illustrated in Table V was the difference in
reaction products for the cr203 and NiQ catalysts. The KiQO catalysts form
much more uua product and much less HCN product. This suggests that NiO is
much more effective at breaking the C-R bond and is a better ammonia synthesis

catalyst.
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The kinetics for the heterogeneous decomposition of nitromethane suggest
the reaction proceeds by a classic Langmuir-Hinshelwood reaction.

e
CH,N0,(g) + CH,NO,(a)
CH3NO,(a) + producte

Adsorption equilibrium is established and the adsorbed nitromethane undergoes
a unimolecular surface decomposition as the rate limiting step. The kinetic
parameters that were determined for this mechanism give an adequate fit to the
data, although the error limits on these values are faily significant. There
are two sources of error in the calculation of the kinetic parameters. First
is the presence of diffusion limitations (10). For reaction in a porous
catalyst the observed rate is related to the actual rate by an effectiveness

factor (n)

r = qr

obs act

The effectiveness factor is a function of the Thiele modulus (@)
# =L /k/D,
where
L is the characteristic particle dimension
kv is the effective homogeneous rate constant
D, is the effective diffusion coefficient

Using the kinetic parameters and rate expression determined here, the
effectiveness factor ranged between 0.4 and 1.0 for the experimental condi-
tions encountered. The value of the effectiveness factor decreased with
increasing temperature. The diffusional limitations to reaction result in
low estimates for the activation energy of the surface reaction and the heat
of adsorption. The second source of error was the assumption that the rate of

reaction was described by certain asymptotic limits of the rate expression.
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This assumption should lead to a low estimate of the activiation energy for
surface reaction and a high estimate for the heat of adsorption. It is
estimated that these two sources of error lead to overall error limits of
+15kJ/mole on the kinetic parameters. Further experiments are called for
using finely crushed catalyst to avoid diffusional limitations. Additional
experiments at higher temperatures and pressures would also be useful for more

accurate kinetic parameter determination.

It is interesting to note that diffusional effects were observed by
Acurex in their study, although they failed to recognize them as such. They
observed that crushing the Cr203/a1umina catalysts reduced the minimum light-
off temperature, which they attributed to an increase in surface area. As we
have shown crushing did not significantly alter the surface area; however, the
smaller catalyst particles would offer substantially less diffusional
resistance resulting in a greater observed reaction rate. The diffusional
resistances are of particular importance as the temperature increases and
hence are magnified in the Acurex study where temperatures up to 1700K were

achieved.

Diffusional limitations are extremely important for optimal design of a
catlyst bed in a monopropellant engine. Large pellets are desirable from the
viewpoint of reducing the pressure drop which accompany the high gas through-
put, while small particles are desirable to achieve high reaction rates and
fast response time. Obviously, a tradeoff must be made to optimize the engine
performance. Monolithic catalysts also offer a reasonable alternative for
monopropellant systems. By using an appropriate washcoat, this type of
catalyst can be designed to have high surface areas with short diffusion

lengths, and at the same time the pressure drop can be kept low.

Perhaps the most significant problem with developing a nitromethane
based monopropellant system is the deactivation of the catalyst. Acurex
reported that carbonaceous deposits built up on the catalyst with continued
use. The extent of the carbon deposit was observed to be less for continuous
operation than for intermittent operation. In the present studies, we studied
the rate of catalyst deactivation at various temperatures. It was found that
the rate of deactivation decreased with increasing temperature. This is
consistent with carbon deposition being thermodynamically controlled. The
formation of graphite can be described by the Boudouard reaction
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2€0(g) + C(s) + €0, (g)

This reaction is exothermic (AH = -170kJ/mole), so that the amount of carbon
deposition decreases with increasing temperature. Acurex observed the inter-
mittent operation to be more detrimental because the cold starts resulted in

more operating time at low temperatures where carbon deposition is preferred.

The deposition of carbon appears to deactivate the catalyst by blocking
sites for reaction. Site blockage occurs in two ways; first, carbon is
deposited on the metal oxide so that nitromethane can no longer adsorb on the
metal oxide. Second, carbon deposits can block pores so that nitromethane can
no longer diffuse into the pores, thus reducing the available surface area for
reaction. Pore blockage appears to be aignificant as it was found that
surface area as determined from Nz adsorption decreased with time on stream.
The pore distributions also showed a significant decrease in the amount of
surface area associated with 50-200A pores. This range represents the most
significant pore sizes for reaction as the surface area in this range is
substantial and diffusional limitations are much less significant than in the

smaller pores.

Carbon deposition is a major problem with nitromethane as a monopro-
pellant. Nitromethane is fuel rich and will tend to reduce the catalyst
and/or deposit carbonaceous material. In looking for desensitizers for
nitromethane, Acurex further aggrevated the problem by adding unsaturated
hydrocarbons, making the feed even more fuel rich. To overcome the problem of
carbon deposition on the metal oxide catalyst it would be desirable to have
oxidant rich feeds. Some possibilities might be mixed fuels of nitromethane
and nitroform, tetranitromethane, or hydrogen peroxide. In choosing desensi-
tizers, it is worthwhile noting that carbon deposition usually proceeds via
aromatic rings, which are known to form graphite on acidic metal oxides (11).
This accounts for the observation that Acurex made showing the rate of carbon
deposition decreased through the series o~xylene > cyclohexane > octadiene.
Therefore, in choosing desensitizers one should avoid materials that can

readily form aromatics.
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VIII. REACTOR ANALYSIS FOR MONOPROPELLANT SYSTEMS

The ultimate goal in developing a kinetic model for nitromethane decom-
position is its use in the design and analysis of a reactor for small space
thrusters. It is instructive to present a model for the reactor and identify
the important parameters effecting the performance. The simplest model for
the reactor is shown below. It assumes plug flow of the gas phase through the
reactor, with no mass transfer limitations between the bulk fluid and the
catalyst. The heat of reaction is released in the solid catalyst phase. Heat
transfer between the catalyst and gas is described by a heat transfer coeffi-
cient. The model also includes the effect of heat conduction through the
solid. The four independent variables are the total pressure (p), nitro-
methane concentration (cA), gas phase temperature (T), and catalyst tempera-
ture (Ts)’ All of these quantities are functions of position down the reactor

bed (Z) and time (t). The descriptive equations are

ap P
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where the parameters in the above equation are

f is the friction factor for packed beds given by correlations
p8 is the gas phase density

u is the superficial fluid velocity

dp is the catalyst particle diameter

rAis the rate of reaction at CA, T,

h is the gas-solid heat transfer coefficient

a is the interfacial area for heat transfer

C_is the gas phase heat capacity

(2]
Yo v

is the catalyst heat capacity
is the thermal conductivity of the catalyst
is the inlet gas velocity

is the cold bed temperature

- = c R
C ® O @

is the inlet gas temperature.

From examination of these model equations it is possible to show some of
the characteristic behavior of a monopropellant thruster. Figure 12 shows the
response of a reactor as a function of time. The sequence of events may be

described as follows
i) Pre-heated catalyst bed heats up cold nitromethane feed.
ii) Lightoff occurs and the exothermic reaction heats the catalyst bed.

The heat generated is transferred to the gas which carries it downstream to
heat the end of the reactor bed.

iii) Heat conduction through the s0lid heats up the upstream portion of

the bed causing the point where lightoff occurs to move upstream.
From the model the following design parameters can be identified as

having the most significant impact on the response time of monopropellant

thrusters.
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1) bed length
2) feed temperature

3) bed preheat temperature

The bed length becomes important because making a bed too short can cause the
cold feed to cool the bed too much preventing lightoff; on the other hand, too
long a bed causes much of the heat generated to be lost to the catalyst bed
downstream of where lightoff occurred. The feed temperature is important as
it determines the necessary bed preheat temperature to achieve lightoff.
Increasing the feed temperature above that where lightoff is achieved will
result in a faster response time. The bed preheat temperature coupled with
the feed temperature determines the necessary conditions to achieve lightoff
and the response time. In the case where liquid propellants are used the heat
contained in the catalyst bed must be sufficient to vaporize the liquid and

still be at a sufficient temperature to achieve lightoff.

The model presented here is useful in understanding the results obtained
by Acurex. That study measured transient temperature and pressure responses
for nitromethane decomposition in a catalyst bed. As a measure of temperature
they took an average along the length of the reactor. The temperature
transient they determined was not representative of the response time of the
system as the system will achieve maximum thrust as soon as the exit tempera-
ture is raised to the adiabatic decomposition temperature. This mistake in
identifying the proper response was verified by the observation that the
downstream pressure response was much faster than the temperature response

(l).

Even the pressure response studies in the Acurex investigation showed an
extremely long response time. Several things can be done to improve the
response of this system. A shorter bed along with a heated vaporized feed
would be capabie of delivering full thrust with a short response time. Such

configurations deserve serious consideration in developing nitromethane based

monopropellants.
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IX. RECOMMENDATIONS

Based on the work presented here, it may be concluded that nitromethane
based monopropellant systems using hydrocarbon desensitizers and metal oxide
catalysts are not feasible due to catalyst deactivation. The problem of
catalyst deactivation must be overcome to develop a feasible monopropellant

system. Three possible approaches are:

1)  Identify catalyst materials that are active for nitromethane decom-
position and resistant to carbon deposition. The probability of success is
not very great, though zeolites or metal carbides wmay offer some

possibilities.

2) Develop an insitu catalyst regeneration scheme using an oxidant to
remove carbon deposits intermittently. This is an awkward system but may be

feasible since most aircraft are equipped with oxidants for main engines.

3) Develop an oxidant rich monopropellant. Mixtures of nitromethane
and hydrogen peroxide, tetranitromethane, or nitroform are a few possibili~

ties. This approach offers the best chance for success.

To facilitate the development of a nitromethane~based monopropellant
fundamental work on the reaction mechanism and kinetics would be useful in
providing insight as to what materials would be catalytically active for
nitromethane decomposition, and how are these material poisoned by carbon
deposition. We propose to initiate such studies at Princeton University using
surface science techniques. The kinetics of absorption and surface reaction
can be studied on well defined surfaces elucidating the fundamental reaction

mechanism and kinetics.
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INTERACTION BETWEEN AN ELECTROMAGNETIC PULSE _AND A

METAL CYLINDER CONNECTED TO A PARALLEL PLATE GUIDE BY A WIRE

by
Albert W. Biggs

ABSTRACT

The interaction between an electromagnetic pulse (EMP) and a
metallic cylinder, connected to one side of a parallel plate guide by a
wire, is analyzed. The axes of the cylinder are collinear and
perpendicular to the walls of the guide. The EMP is a transverse electro-
magnetic (TEM) wave with the electric field intensities of the frequency
components being perpendicular to the guide walls. The surface currents
and charges induced on the cylinder and wire surfaces are dependent

upon the geometry or spatial dimensions of the structure normalized with

respect to the width of the guide.
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I. INTRODUCTION:

In addition to thermal, blast, and radiation phenomena, nuclear explosions
are also sources of electromagnetic pulses (EMP's). The interactions between
the electromagnetic fields of a transient EMP and either airborne or ground-
based systems induced surface current and surface charge distributions on
these systems. The resulting currents and voltages may be coupled into the
interiors of aircraft or ground-based communication terminals, where they may
damage electronic components or create error signals in critical cbmputers
and microprocessors. Although component damage may not be present, error
signals can cause premature launch of an air cruise missile or ignition of - :
explosive squibs in areas such as the crew and pilot compartments. Sparks ¥ 3]
induced by large transient currents in electrical cables connected to fuel
gauge indicators can ignite partially filled fuel tanks.

This analysis will consider currents induced on a cylinder which simulates
the fuselage of a B-52 airplane or a KC-135 refueling tanker. The cylinder
will be relatively thick, with a ratio of length to diameter of 10 or less.

It will be assumed to have perfect conductivity. The top and bottom will
consist of perfectly conducting disks. 1If experimental verifications were
to be conducted, this cylinder could be represented by a closed metallic can.
A thin perfectly conducting cylinder or wire, with its axis collinear with
that of the cylinder, extends from the thick cylinder to one side of a
perfectly conducting parallel plate waveguide. The cylinder axes are per-
pendicular to the guide wall,

The EMP propagates in the parallel plate guide in the transverse electro-

magnetic (TEM) mode. Although transverse magnetic (IM) or transverse electric
(TE) modes, or both, might be present in an experimental configuration,
neither would be encountered in actual practice. The electric field will be

parallel to the cylinder axes, and normal to the sides of the parallel plate

guide. Realistic simulation is achieved with only the TEM mode. The wire

simulates a trailing wire antenna or a refueling boom,

Four methods are presented for resolution of the field perturbations

_I‘
2 11, QBJECTIVES
[‘
l

created by and the currents induced on these collinear cylinders. The first

- method is a two dimensional solution of Laplace's equation by numerical

ik SN PO
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approximation. This method is useful for solving many electromagnetic field
problems which have geometrical shapes not amenable by rigorous mathematical
techniques. It is a scheme of replacing differential equations by difference
equations.

The second method introduces an analytical formulation to conformal
mapping. It deforms a two dimensional region into the upper half of the
complex plane bounded by the real axis. The boundary of the region becomes

the real axis. The expressions which map the boundaries of the region,

usually a geometrical shape formed by straight line segments, provide formula-
tions of the electric field and potential contours.

+

-

However, the above methods only provide two dimensional results which
do not generally apply to actual phenomena in three dimensions. An example
is a metal sphere in free space. A plane wave incident upon the sphere is

reflected in spherical waves which have the form:

3‘“(*) (z_\-) Jv\*i (\‘)) (1)

i
N lr) = Jz'v:) Nuey &),

(2)

where j (r) and 0 (r) are spherical Bessel functions. These may be combined
g to form spherical Hankel functions h ( )(r) and h (2)(r),
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and these half order Bessel functions for the first few orders are

g‘-a(y-)= ;'\_—Ad.h-"’ ?\a(\“)z _-\Y-‘m‘-)

é\ (w) = .e:[_u:-_.:__ mr_]’
vy ()= == = = “""V]; )

while 4 plane wave incident upon a cylinder is reflected in cylindrical waves
which have the form




(6)

N

where the asymtotic form is used to indicate the form of the sinusoids and
the decay with distance of the two wave forms.

Other examples are available to illustrate the differences in two and three
dimensional scattering and reflections. The two dimensional results are
valuable when the shape of the reflecting obstacle is cylindrical or when
the wave is confined to the plane of symmetry of the obstacle. For example,
ray tracing can be used for spheres when the plane through the sphere center
is in the plane of incidence, and the plane of incidence is normal to the
cylinder axis.

The third method is an analytical formulation of the current induced
on the cylinder and wire (or smaller cylinder) by the scattered vector potential
on the surfaces of the cylinders. The vector potential is divided into separate
segments for the top of the cylinder, the sides of the cylinder except for
the junction of the wire and cylinder, and the wire. The vector potentials
are represented as integral expressions of current distributions on an infinite
array of dipoles in free space. The dipoles are collinear and are formed by
two infinitely conducting cylinders, equal in length and radius, connected by
an infinitely conducting wire. As indicated earlier, the EMP source is a
transient plane wave with the electric field components parallel to the axes
of the cylinder. The method of moments is introduced to solve the integral

equations.




The fourth method will obtain the cylinder currents with the magnetic
field component of the incident EMP plane wave. This is obtained from the
use of modified Green's functions and surface current densities in the
integral expressions for the top, bottom, and side surfaces of the cylindrical

obsgtacles.

I1I, NUMERICAL APPROXIMATIONS FOR CONFORMAL MAPPING
Figure 1 represents the coordinate system for the interaction of an EMP

wave with two collinear cylinders. This coordinate system is also applicable

to the other three methods described in successive sections. The Z = 0,

or x-y plane, represents one side of a perfectly conducting parallel plate
guide. The other side i1s represented by the Z = S plane. The incident EMP

wave is traveling in the positive x direction, with only Z - components of the
electric field and y-components of the magnetic field. The radius of the larger
cylinder is r = a, while radius of the smaller cylinder or wire is r = b. The
lengths of each are L, and L, for cylinder and wire, respectively. The gap
between the top of the upper cylinder and the upper guide wall is D.

If the cylinder is replaced by a strip, with width 2a and infinite in
length in the y direction, and having infinite conductivity, and the wire is
replaced by an infinitely conducting strip, also infinite in length in the y
direction, then the problem becomes two dimensional. If the image of this
configuration is introduced, then the lower guide plate is replaced by the
image seen in Figure 2 because of the symmetry present. Although the two
dimensional model does have limitations discussed in Section I, it has some
value in providing areas of high field intensities. These occur at edges
and corners of the scattering structure in the two dimensional case, and rims
or circular corners in the three dimensional case. The analytical formulation
for two dimensional geometries is given by Laplace's equation.

Laplace's equation can be solved in a number of ways. The most attractive
solution is an exact mathematical formulation1 with tabulated or calculable
functions such as cosines, hyperbolic sines, and Bessel functions of integer
or fractional orders. It is an unfortunate fact that many real applicat:ionsz_5
that arise in engineering practice cannot be solved by rigorous mathematics
or analytical techniques. One possibility in these applications is to introduce
nunerical approximations. The method is tedious and the results have a slow

convergence, and at times a slight divergence, but the results provide a
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FIGURE 1 - CYLINDER AND FAT WIRE CONFIGURATION IN A PARALLEL PLATE GUIDE
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FIGURE 2 - REPLACEMENT OF THE ORIGINAL PAIR OF CYLINDERS BY
THEIR IMAGES IN THE LOWER HALF PLANE
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valuable picture of potential distributions around unusual shaped conductors.
Interest in this method has increased because of the introduction of computer
programs which remove human drudgery and transfer it to computer drudgery.
Several circuit and conformal mapping problems have been solved by the currently
popular "relaxation method."

The relaxation method6 is almost as old as differential equations. It is
a scheme for replacing differential equations by difference equations. John
Bernoulli used the concept in 1728, Jacobi7 in 1844, and many others in the
intervening years.

The numerical approximation methods—9 consists in replacing the smooth
potential variation by a set of discrete values at the intersection of a
grid. 1In Figure 3, the potential is given on the path C, and the solution
of Laplace's equation is to be found for the enclosed region. A rectangular
mesh with arbitrary spacing h is superposed on the region. The potential is
found at the intersecting points of the mesh.

The potential at the point 0 will be found as an example of this method.
The true value of 3¢/a ¥ 1is approximated by the grid values

2¢ | L =0

=2 - ) )
\o ®
2% | o Fo=®s
* ') )
o3 (9

which apply at points a and b, respectively. The second derivative becomes

6~11
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FIGURE 3 - SQUARE GRID SUPERPOSED ON A REGION IN WHICH
THE POTENTIAL DISTRIBUTION IS TO BE OBTAINED
BY THE NUMERICAL APPROXIMATION METHOD
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so that the potential ‘ti" at the center is the average potential at the

surrounding points. '

®o= -&-[é\-\- ha ¥+ Dy ¢q],

(13)

The potential lines for a two dimensional cylinder and wire are calculated
in this gection. Subsequent to these results is a simple example to illustrate
the method. In Figure 4, a square region is grounded on three sides at zero

potential, while the potential on the fourth side is

$ = \OOO%(E;E“>. (14)

A square grid is drawn as shown in Figure 4 with h chosen as a/4. With
symmetry about the vertical center line, only half the region need be
considered.

A set of potentials are arbitrarily chosen at points A, B, C, . . . G, H,
and I. The potentials along the boundary points O, 707, 1000, 707, 0, O, etc.,
are part of the boundary conditions. The final results are independent of the
assumed values. The convergence increases when they are closer to the true
potentials. We now proceed in an orderly manner, starting with point A and
making the potential at each point equal to the average of the four surrounding
points in accord with Eq. (13).
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FIGURE 4 - POTENTIAL DISTRIBUTION WITH ASSUMED POTENTIAL VALUES AND
SUCCESSIVE APPROXIMATIONS WITH h = a/4




The next potential at point B is then calculated with the new potentials
at points A and C. Symmetry preordains the potential at point C when that
at point A is calculated. The next potential is calculated for point D (and
decreed at point F) with the new potentials from point A and the assumed
potentials at points E and G. The results are listed in Table 1.

The new values are written below the old values in Figure 4. Each sum
includes all corrected values currently available. The process continues
until convergence is obtained within the necessary engineering accuracy.

If desired, a finer mesh can later be chosen with a continuation of  the
process. This interaction process, kno&n as the Liebmann method, always
converges.

It is preferable to commence with a very coarse grid or net, even when
a fine mesh is ultimately desired. The coarse division provides converging
values which are then chosen as reference values for the next subdivision.
The Liebmann method is then employed to obtain another set of potentials.

A second example in Figure 5 has one side at 1000 volts and the other
three sides of a square at zero volts. Nine approximations were made in
this configuration. 1If desired, a finer mesh can be formed with these values
as boundary conditions.

Figure 6 represents a perfectly conducting cylinder connected to one plate
of a parallel plate guide by a perfectly conducting wire. The cylinder has
a length of 9D, where D is the cylinder diameter, and the wire has a length
of 2D. The separation between cylinder top and the top plate is 3D. The
top plate is at a potential of 1400 volts and the lower plate is at a potential
of zero volts. '

The numbers indicate the final approximations, made after twelve

intermediate successive approximations. As additional approximations are made,

convergence increases.

IV, SCHWARZ-CHRISTOFFEL TRANSFORMATION

The Schwarz-Christoffel transformation is a conformal transformation

10

which will map the real axis in the complex z-plane into a general polygon
in the complex w- plane. The upper half of the z-plane maps into the interior
region of the polygon. The mapping function is

6~-16
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Point Assumed First Approx Final

A 300 339 332
B 500 470 470
C 300 339 332
D 150 147 152
E 200 216 214
i F 150 147 152
G 50 62 59
H 100
I 50 62 59

Table 1 - Results of solution by successive approximation.
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(14)
#
where the points x , x2, and x3 to be mapped into the points Wl, Wz, and w3,
or wl = f(xl), WZ - f(xz). and W3 = f(x3). The direction of each patch g

follows the increasing subscripts 1, 2, and 3.

In Figure 7, as each point Xy is passed in the z-plane, the angle ehanges by
ﬂ& in the W-plane. The integral in Eq. (l4)becomes

o
i

g
]
) 4
<
N
|
%
v
4
v
|
x
»
~
4

(15)

%‘_'
e (2=%3)" dz + B,

where A and B are to be found from boundary conditions. ]
Representation of the cylinder and wire is shown in Figure 8. The two-

F 7 dimensional polygon representing the cylinder and wire in the w-plane, its
mapping along the x-axis in the z-plane, and the desired mapping In the w'-plane i

] are identified by corresponding points in each plane. The purpose of the w'-plane

' . 1is to provide a two bar transmission line for electric field and potential
mapping. The electric field lines in the w'-plane are vertical lines

N parallel to the v'-axis, and the potential lines are horizontal lines

parallel to the u'-axis. The electric field lines are sketched for the three

planes in Figure 9.
The transformation between the w- and z-planes is given by

oy

LT Y

A
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z-plane

FIGURE 7 = THFE SCHWARZ-CHRISTOFFEL TRANSFORMAT1ON
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where ﬂ“q ‘»’d"d.' » and “‘ are
| O,3%W/ 2, 3W/2, /2, and w/2,

E respectively, so that the expression for w is

we AS <z-$;)(z-x,! - d=z
(2-%3) JCa= %) (z=%)

+ B,

where the integrand is rearranged as




(2=-%g)(2~%.)
(2=%4y) 7(7__ 26 (2 =% )(2=¥%a) (-z--(-1 x3 ;

and a change of variable,

*=z-*” 1= **xs’ (19)

Ci‘ - Lxg- %;3)( X - E.'I-s'?:])

x J E*" c%‘ -*335(*" Lx ;"Y;j) .

‘----1-----------l-I-------.--.'--
° (x - rq= *33)(3"t%\'*‘: )

- SRR TOL T~ LT G
JCaCHLICY NOICHOI1O)

4 Cxg=—%3)(x -%3)
TOOo0,
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The integrals in Eq. (20) are evaluated in the ranges

d)y)o. a)y),b
C)y>'d, y9a,
b) yac,

where a) bpc Dd. In terms of x, to x;, these points are
a=‘x8-’x3, C.’xs‘x3
b=x7-x3. d-xs-x3’

so that the ranges corresponding to Eq. (21 are

x5> z»0, x8§z>’ X7,
%Wz %5 | 2 2
x7) za Xe

The first interval becomes, for d>y)0 or xs) z)oll’
? ' .
Y VCamx ) o=%1c -5 G-F)

= a(‘: (o h) — F(Q""k)] )
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where F(*, k) is the normal elliptic integral of the first kind, and g,

Q.‘, ¢. ’ and k are

-
9 \‘(c.- <) Co=d)

'A;“t¢ < (ta~c)ld- % ») = (%!-%. 2‘1‘-3 2
" la=die=gy) (ngewelxe=-2),

M;'\t# - (&-Qld - (25)
® (a=-d) ¢
(1 8- %5)(‘\5"7‘3)

1 (b"‘.‘(&“‘ (*‘-*"(*b-*‘))
(a=-¢c) (\;—47

w

(ﬁﬂ‘%s)(%!-’l‘)
(xg=%e)(xq=xg),

the range >y>d orx z,xs,

o
S Ax I
s Ve ®)1(s-F)c=-F)(k=4d)

=3 [_pﬂth‘,\\)" F(¢§»\‘)], 2
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(c.- 4)(b-y)
Cx-.- *S‘)(*h-z)
(*;- *f)(*'!'z) )
M;\z¢‘= (*q“‘)(*g-*b’)
C*;- *‘)(%q-‘ls)

=\,

= Ca=blg=d) - Cngo¥a)(xe-vg)
(a-e3b=d)  (xg-%)(Waqove),
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and in the range ! b>=> &, or XD 7.) Y
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where ¢" *‘ ) and k are

. =<0.-6\(¥-=) =(K.-%5)S%q-l) |
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where Q." *b! and k are
“1.¢_" (b-J)(a-n) =(%q-¥g)(%!-1—) |
Ca=bly=d) Cxg=x4)(z=%g),
2 (o=dXa=~h) |
emaling I Ca=b)(b=~d)
- \, (3D
K= Ca=b)(e=d)
(a=cXWo=d)
= (xg=%R1)(ne=%g)
(%.— \b)_(%-u“*‘);

and in the range b) “’ oV z>x“
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where #‘ and k are given by

v 2 - (b"‘)(h"“’)
A g = (a—d)(n—b)

(33)

2_ Qo= a=d)
S teme)(w=d) = Otq=% )% g-%g)
("‘g“ ";3(*'7"*5" .

w

The second integral is also described over the rangesu in Eqs. (21)

and (22), so that for dpyP0, or x5>z)0,
¥
S X SKX
2 VCa=%) Co-®)(c-$)(d-%)

oly =%y |y
-:.Aa - = {T\'(‘baa“ﬁn P
ol & (34)
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where ’ 2, k) is the normal elliptic integral of the third kind, in
LY

the form

T (&, %2 W) = S(

B0 bt o B [TPF TI YWy ;

! Q (35)
.k...:Sa“-ft AlO)\=Tl 20

- Sﬁ%——y-“(\&n“)

The parameters *.‘,#‘ and k appear in Eq. (iS). The others are

A u:l'== .ZEL!EE:::;!EL§E.
Kg-Re ?
« _- (*5—*5')(%5-¥3)
“d

*‘q 36)
(xg=% ) ng=x3)* ¢

The functions uo and u4 are

wy® an (e dy)  uem an ' (aim &0).

i

(37
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In the range c> y) d or x6) z) xs,

W

S XxJx
J(a—*\(b-*) Ce=F)(x=d)

d

(38)
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“Taez, e 2 fuwawl]

where ¢s’ ¢‘, and k appear in Eq. (27), and
d':._ c-d _ Re—he
b b-d Ra=%Rg ?

o 2_ b (c-d)
'$ T eCb=4)

= (xa=p)nemvs)

Coe *“( *_...*5) ) (39)

wa= m.‘( -‘:h-¢63 =%. )
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P

and in the range bY) _v)/ c, or x7> z), Xg

.o

X dX |
Vo= P16 -2 X =) (F-a)

<

(- o - Y - Ne )
o2 olb-¢)
* T eCa=o)

= (xg=%3)(Rq=%.)
(%q‘*!)(*g- Yg) ’

ucsM:%A:w..eb‘,)’

(40)

(41)




and in the range a) y), b, or x8> 7>’ x7,

z, | S \](a— *5(3?—3)(*'-;\(*-4)

(42)
. =ag [""’ =13 STV Cary s o)
A
- TT (a9 'h‘)g*'—- {\Lb \L"}]
r d
where ¢-”$b, and k appear in Eq. (31), an
da = o-a y-,—‘ls <o,
(o=a) d
i = (o- d) on
| = (*-,-%,)(*s"""‘)
- Lg,-%g)(!a""‘l) )
(43)
e Uy, 2 are (M-.- &),
i
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and in the range y) a, or z’xs.
“-
xIX

) J(F-a (¥ -e)(&r-) (x—4)

- q‘é[ ﬂ"'“\i T\"(Qg,g:, %) (46)

“]

where *eand k are given by Eq. (33),

2 -d -V
“a':a -'2'——>‘)

b—~d K =S
Ca=d)b
dig= Co—-4d)a
(% a~ “\ (* -'::.—’) (45)

Cwq = *g) (‘5 s"*a)




(A ~

The third 1ntegra1n is also described over the ranges in Egs. (2%

Mt o)

and (22). In the range for d) y, 0,

¥

o
S X (u—*\(\:-ﬂ“(c-‘l‘)( Af*)
f . - l{dlﬂ—dﬁ {-T‘-(Qg,dﬂq,\l‘

a d\q

(46)

-T\' (?q ) d“‘z) h)‘l

S r
where ¢“¢q ) dq ) d'q ) (v 8 o , and I&H are defined

in Eqs. (25) and (36 The remaining expressions are, for c> ya’d,

K g
X

SRR

—_—
N

tko.-rm.-ﬂcc-ﬂc* -d)
: Rig = o 2
ot -'-‘-%.- —%T;{'g' {“‘<¢A»"~\S )\"')

ol S
- TV (&g, =g, h)} - ‘;\"'\sﬁ. Wa= “‘}l

(47)




and for b> y), C,

-y ———

) X J o= V(o - U K-V (x~-3)

A -d
3_ . o. {'\T(Q‘,ﬁ(\?,h)

and for a})zb.

A —
) X V(o=%V(%X =) (X —c (%=4)

= A % %! {_Tr(ﬁ,u\-.,h)

A\

=TT (&g, = \'nh)}* {u\.-uw}] “‘”




and for y) a,

K4
—_ |
2 X F-aX xo ) (- (*-d)

N
= %{_L‘ - (59)

where the parameCerQ“to +., uq"ﬁ u‘, ¢‘_ tD ¢‘ ’““ t.d.,
and k are defined in even numbered equations from Eqs. (25) to (32) and Eqg,
(37) to (45).

Since the integral in Eq. (20), written as

(k=d)¥=¢)

X {(x- AT Z-b)lk=a), (s

the evaluation of the integral is made over intervals because, as t passes

from the region t( dtot=4dto t) d, the integral becomes imaginary until
the point c is reaches. The further division into three integrals yields
various form of elliptic functions. The values of each integral for the

different ranges are necessary because the value of the function at a given




point depends on the results of preceding integrations. Thus, at y = d,
¢, b, and a, respectively, the integrations in Eqs. (24) to (30) are

g F(@e,n) - Fleww] e o F (@, h),
43l F(aa, W)= Flag ] =) q R (W),

g LF(Q‘,\;\— F(*by\\)] = g w< K),
éatp L*b‘h,)'-F(Q-”\\,)] =.ag\< Chn,),

(52)

while the integrations in Eqs. (34) to (42) at these points are _
2 2 ) &
| [T (@t h) = TH G, B R =TT, 0 W),
i We=Wy = Wo, P

‘ L“ (agh v/) =TT (&5, g’ h)]=TN (dcz.h'), |

| |
W‘—\&g": {"Kg"'&, ‘

4 : »
PR el . . Py N .

(T3 R) =T (@,ut )1 =TS R), o

We- W= § —wes 3, ’ } 4‘

. Y_TT (9\1‘; V:)-T"(cb.,,d.,z, h.')]: '\T(q.." h’)’ {
% W= W= - Ut '%s Xt

\ {
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with corresponding results for Eqs. (46) to (49).
The expressions for w(z) in the preceding ranges are

w(z)= A i(c-ﬁ-A) :(éq,h)

'*'(c-é\'n'(#q,"qz, w)
 (emd)TT (du; ity ) = Cerdduny§

+ B, '3'<A er 2< %g,

(54)

wz) = AT 4 Cerd) [F (e, ) = (W)

*'a(B-Q)Y_“'(*r,dsz, h’)—“(dsz,b.’)] ,
¥ é é&b;&l E\T(g\;",\\’) - (¢g,ﬂ\gz,hl)]
+ é(k«-%)[ﬁ— W-s']-g + B,

ddy&c or ¥s <zl ne,

(55)
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w(2)= A iﬁe-\-i){\:(#u\\)- 3 Kaw) J

"‘\((h)] - {(m—b)v(¢m°‘::h)

77 e -

' -+ é(b-c-)'\'" (we,n!) =(a- b) e
e TV (el \..)] [_.S.Sf‘.’ii.'ﬂ'(ﬁ x h)
e) ‘&)

B N
. -3 "Lbb 2 T‘.(“\r W) - dela-b),
ab

o"'\'(e\\f',\x)l +30+53) %
+ (o ""‘){.I e 1 + B,

c_<;<_ b or % L2 Ny,




wiz)= A i(c-»l)y_aF(#w.\’)
—y2ken) = kew = 4 ¢amd).
BT IELO IPPRTELANCEAY

+ Ca=B)TTCa 2 R) - 'a(c.—cl) .
. T"(d.,",h.’)] - {5 “—'-’él—“- .

N (®q, %0 R’) *‘3‘&5—"—1 ‘T(*\:$\')

AT (e W )] + (o %)E-
+é(b-\- E’-é- -E -+ (4-&-&)[4}_-'&;_]3

+9, by Lo er xa<2< Ry,

(57)




e ————— e

i e et YA | . A i e AT SR

w(z) = A{-— (evd) [Flag,n) + 32N
+ ch\] -~ [.ca-s) NICTR T Y :
-4 Co=e)TT (dg w/)=Co=b) e
eTT (a2, W) + g (an d) T («?, h’)]

—|esRlie T (@g, s R) = &;&’4;

TT(d W) - $e8ae) T, k)

+ 3 C—-———-“"n" T\'(u\-.,\\')]
-\-(au*-—-)-a."'é-(b*' A'\")'I
+(b+ EE-)\,,.}-\-B’ g)k

or 2D X%y,

(58)
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and, after seeing these complete elliptic integrals of the third kind,
one recalls, "Double, double, toil and trouble," from Macbeth.

If we refer to Figure 8, the expression for w(z) maps points along the
x-axis into a polygon in the w-plane. Corresponding points are

¥\ )w|= o0,
*-‘_, Waq = .3 (L\‘\'Lz *'b) '-'.as,
*3, W.g -0,

Ry) WyS a CLirla),

hs, Wg= O~+.a(\-\'~'\")’ 9
Yo, W, = [« W é\—z)
*'I) \N-|= a\—:"
Yo We = =3
*q) WQ= L« P
The conditions at Xys Xg» and x, are satisfied because the normal elliptic
integral of the third kind becomes logarithmically infinite for
N z - L
Adne & P dz. y (60)

WTRPIP U SROUI.. W

T




which, from Eq. (36), occurs at

.‘Lhz¢ - (x 8- *b)( %5-2)
Crg= %) Re=2)

et +
'

3
(61)

- (Y s- *5)(*:‘*3)
(rg= %) we=x3) °

i
or z = X, for -W (*,“\z,h), and at
oty = Sxam %I (ng-2)
(ng— 2N %e-2)
- L (62)
— d“
: W (rg=¥s) '

orz=+ @O -

LT O
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In Figure 8, in the z-plane, x, 18 chosen to be 0 . With these values,

the mapping between the z-plane and the w' ~-plane is found with

wi=a' (_d2_ B/

\](7.4' S(t)(‘l-\'q) ’ (63)

where the interior angles ﬂ‘-and dqare equal to E « The integral in

Eq. (63) 1is

wiz A/ b (2o T2 ) + B

(64)

with x for symmetry and improved integrability. The constants A’

4" %2
and B' are found with

. - -
T o : — T e e
PR T g ‘.m' b s e nm;‘.ﬁ':‘__ e cas A i s 1 2ot s e s




y S —————

ek R A YA T BT s+

wy'e N duv,+ 820, Ba=Allx,, |
W, = 4 Ver A -2, B A z'-rYF.

/m Vo 24N22.0\
W 'a Q
1FEF' - \J r A i:- ‘

V. -'
(65)

which satisfies the conditions at %y and Xgs and X, and x, are equal to minus |

and plus one. The relationships between Voﬁ1r and the dimensions of the two

dimensional cylinder are found from Eqs. (47) to (52) for the appropriate range ;
of z. The greatest effort in this method was found in BRIEF ENCOUNTERS OF f
THE THIRD KIND of elliptic integrals.

The wapping from the w plane to the w‘plane allows the potential lines,
horizontal in the w plane, to be found in the original coordinate system.
In conformal mapping, "Plus ca change, plus c'est la meme chose." (from
Alphonse Karr).

V. VECTOR POTENTIAL METHOD
When the lower conducting plane in Fig, 1 is removed, the image of the

collinear cylinders appears in Fig. 2 as part of two thick cylinders connected
by one thin cylinder. If the original "dumbbell” dipole in Fig. 2 was the
initial scatterer, then symmetry considerations allow placing a conducting ground

plane at the plane of symmetry. Additional images of dipoles appear as the newly
created image ground planes are removed. Eventually, as more image ground planes
are replaced by even more dipole images, an infinite array of collinear dumbbell
dipoles in free space represents the original collinear cylindrical monopole
above one side of a parallel plane guide.
Figure 10 1s a coordinate system for the collinear dipole arrsay with

.“ “ currents in a typical dipole n. The current in the thick cylindrical arms
is Ian(z'). The current in the thin cylinder is less than that in the thick
cylinder by the ratio.




z-S(L 2) !
+6D i
n=2 :
i 1 1. (")
na
z-3(L1+L2)
+2D
' n=1
z=L. +L 3 ]
172 Im,(z )
n=0
z=0
) - ,
' I (z') i
] =~ —(L1+L2_) . _;
{
} |
! f |
|
' i
3 n= -1 oz i
L m |
, z= =3(Ly+L,) / ‘
' 2ot 2
]
E a= -2
-
‘ ——
z= -S(L )
12
4
- ’ FIGURE 10 - COLLINEAR IMAGE CONFIGURATIONS FOR DUMBBELL DIPOLES.
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where the radius dependent scale factors are !

¢, = 2lan2/pa) -y ],
¥ .202-C2/Bb) -y,

with ‘r = 0.5772. The scale factors are associated with tapered antennas and
junctions of unequal radius cylinders or wires. The effects of these
assoclations are the constancies of the products of the charge per unit length
9y and the expansion parameter !Lalong a wire or cylinder. The parameters a,
b, and B are the radii of the two wires and the phase constant. Thus, in
addition to Kirchhoff's current law, the following conditions must be met at

several junctions of n conductors with different radii,

%\?'\‘ %\Q—;'-- ces = %V\-Q-Yt,

(68)
where the currents Ii are related to the charge per unit length 9y by
L]
*:* y .
d [3 (69) i

which is the continuity equation with time dependence exp (jwt). This time !

dependence is also applicable to subsequent expressions. The variable s is ;

the coordinate along the conductor axis. The major importance of the con-

stancy in Eq. (68) is the charge concentration at the intersection of the wire

and cylinders. The charge concentration creates a high concentration of electric

field lines at the junctions of wires and cylinders. This electric field

concentration was also present in the two dimensional models in the preceding

sections on difference equations and conformal mapping. :
The coordinates for the nth dumbbell dipole, which will be utilized in i

the method of moments later in this section and in expressions for current

flow at different points are
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(1“‘\")‘.\-\*’ L;)-ﬁ-l'ﬂb’ 'EQP,
Can={ Li*L2) +2nD, botrom,

= 2Rl ) + Lt*lhb$w.\r.-°d\ rop
T (L *ly) =+ z_n'b,w'\\-c-Q!mb"*;

where n is positive for dipoles above and negative for dipoles below the z' = 0
plane.
The scattered vector potential at the surface of the cylinders satisfies

the following differential equations,

{%.}'_, +eAnta)s -3 -B—‘E‘T‘

w (71)

r N
32.1'* b‘}Az( b;l)- _a ﬁ. ’ (72)

for the cylindrical sections with radii a and b, where a > b. The incident
electric field Einc has only one component in the positive z-direction. The
phase constant B and radian frequency w provide frequency components over the
complete spectrum of the EMP. The incident magnetic field Hinc has only one
component in the negative y-direction. The electric field has collinear images
which form an electric field. The electric and magnetic field images are
components of a plane electromagnetic wave incident upon an infinite array of
dipoles.

The solutions to Eqs. (71) and (72) are

Axla,2)= Clenfz-3 55U
A 2%,2)= Q'LMB"'-& wU’

12

(73

(74)
wherev is Emc/B. and C

Another representation for the vector potentials is presented in the

1 and C2 are arbitrary constants.

following integrals. The radial current flowing from the center of the bottom

face of the nth

cylindrical dipole at p = 0 to the rim at p = a produces
radial components of the vector potential, Since these components are not

¢ - dependent. the total p - component is zero. (For a given ¢, the p - com-
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ponent is cancelled by the p - component at ¢ + m.) Similar radial currents
also createa total radial vector potential equal to zero. If the radius were
greater than a wavelength, there would be a ¢ - dependence in the radial current
distribution. However it is neglected here. The first integral represents

the axial component of the vector potential for the current flowing on the
surface of the lower cylinder. The second integral represents the axial current

along the wire between the two cylinders. The third integral represents the

current flow along the upper cylinder.

2nl Lirbd=bade 20D
Az\(q_’z.) #&2 I“Q.('I-')\(..('l-,z')i‘l.',

‘ 1\!&-¢:;
l Can= L +la) +2nD
Znllirl) o +2nD

E Azz(\'-‘\z) '&'ﬂ'z_ 1“b(2 )Kh(l I)Az,)

n=~—o0
2n (k) ~z+2nD
C2naea) L ivla) +22.nD

oD
Apaton)s oS S:Mcz ) Kealzy2’)d2/

T nw-eo Zn(lirla)rlar nd (1M

(75)

(76)

where K (z,z') and (z,z') are
a . R
-3 Gl(z-2/)2 xa >

(~ X

V(z=2)* x>

'é B V(z=27)2 o p>

Y ,_('z.,z') =

Keplz2! )= -\f(-z.-'z.’)z-\- v*
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D S

The expressions for currents at the four interfaces in Eq. (70) are

Iwm‘?)’ Ina (r_?-v\-\:“.\-\*\-tj +2nD)
e \- Q- pr/ox) /3}

(80)
1%1(9)'-'- Thnal(znlirill -t +2 nwD)

- {\ _ Tna CZnlitwl] =\, 4-7.\«5):

-\\_— Twol(2ni L+ Ll-j—\.a_-\-ZV\D! o
TrneCnLivtbal= Lo« Zhb)

- 2
- (£,
(81)
Lws (p)= L va (2nlLivla] = Lar2nD)

= Ewl CZQL\:\‘\-\-C.'S «La4+2nD) .

Tva C IV\Y. \-v\-\-a.j Lo+ 2nD)

f- 2R,

(82)

6-53

niininititch

N




TonCpd= Tna (2matdliw Lol + 2wD)
° {\— (\= P"/m")”’l)

(83)

where the currents such as

Iv\a. LE?—Y\-\] E_\.\‘\' \-1.-1 + Zhb)
(84)

and similar currents are not products, but represent currents at the point

2'= Tew-110LrL2] 2w D,

(85)
where the axial current at the bottom of the lower cylinder equals the radial

current at the rim of the bottom disk of this cylinder. For example, at p = a,

: "\ (G.) = 17\4. (LZV\—\BLL\* Lg,j '\'ZY\D),
(86)

from Eq. (80). It is of interest to note, at the same point in Eq. (85),
that the current at p = 0 in Eq. (80) is

LToa) =2, o (C2w-12C L+ 1] o :
+2nd)e ot = 0O,
(87)

so that the current vanishes at the lower end of this dipole. The vanishing
of the current at the center is similar to that of a long dipole antenna. The
center of the disk 1s like the apex of a degenerate cone. The flat cone
approaches a thin needle as the cone angle approaches zero.

At another point,

z/z2wiuirla]=La+ 2w D,

(88)

6-54




the lower cylinder axial current equals the radial curremt at the upper rim of

the lower cylinder at p = a,

LThaal(zrniuiala] =Ly« ZV\D)
=:“1(&3, (89)

and at p = b, ;
1

Twi )z T (2L LieLi) =Lasx2 WD),
(90)
Similar expressions relate to the top of the cylinder where the current vanishes
at p = 0.
Each dipole in the array is illuminated equally by the electric field,
which, like the dipole images, 1s infinite in coverage. Therefore the current

_ ‘\ distributions are equal, or

; Toal2 )= o (/= 2wl e, *‘33)) ,
(oD ;

Im\n (‘1:) =2 :.\p(z,— 2ni L+ \-1.'\'33),

(92)

for the axial currents. The radial currents become 16

Io\(ﬂ‘ XQ“L‘L\-L-;){\_ L\_F‘-/“t) 3'}
I.o)(P) = :.oah(-\-a.)i\- M

y Tea. (-L3)
D= =] !}

"y

(94)
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|

= "(?) = IouC\--AD{\" _____._I.“ L) - I“S ‘-Q‘

Tealla)

'Y.\'" eu-b) 12/33 |

(95)

10’!(?)': I‘*_(\-‘*'Lz) %_\— (\ _F‘z./“‘z)"ls}

Ay,

(96) |
ob is described in Eqs. (66) to (69),

the radial currents are not necessary for evaluating the expressions for axial

-

Since the relationship between Ioa and I

currents. They are included here because relationship between current and

surface charge density,

-!’.
Q:J"' < - EE!'SE:"" <::) :

a x (97

over the disks on the ends of the dipoles or on the interfaces between wires

l f and cylinders is

T wp) =2 Pi&.
@ 9% (98)

where onl is the surface charge density in coulombs per square meter, The

surface charge density is a measure of the total electric field on a perfect

conductor. This relationship is

o,
Ens —/

& e I (99)

where Enl is the electric field originating from the surface charge density

. onl' where Enl is normal to the surface. A plot of the radial current appears

in Fig. 11. Curves for four ratios of IO. to Iob are plotted, with the extrema

- for Ioa - Iob (same wire radii) and Iob = 0 (wire radius b = 0).

. When the variable z' is changed to a new variable u with ]

/ w=2'=- 2w c‘-l*'\"‘-*bl’ (100) 1
. |
|
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the axial vector potential components in Eqs. (75) to (77) become
- ‘_.'-

Az\ (a,2)= "lhf: S.Ia.(‘*)?m (")“) du,

- (L\*Lt) (on

La —
Al‘& (‘o,':) = 'a—:r Slbﬁ\&) < b(‘z.,u,\ au,

-La (102)
L\"'Lz D

AZ%(Q)Z-) = -EI%T T W K@_(‘L,u\ Aw,

Lo (103)
where the zero subscript for current was dropped to simplify notation and

\?,,(z,@ = E Kalz,ur2nlL+ Lz+1ﬂ),

N== oo (104)
a— oD
[ 4 b(z,u) = ZK o (z,w+ 2 LL.+ L-._-\-D])J
M= = o0 (105)

When Eqs. (71) and (72) are combined with Eqs. (101) to 103), the resulting

expressions are

-l 2

S‘t“cw) K o (z,w) dw
—=CLwrla)

Livias,




Lo
Slb(ud [ olzywldus= E’sz\gl
: Uy

ah S A

(106)
where no is the characteristic impedance of free space and the constant C1
and 02 may be found from matching radical and axial currents at the ends and
interfaces of the dumbbell dipole. With Eqs. (93) and (95), the axial currents

at the ends are

Ic\ ) = 1@,(—\—\"\-:.'),
Icgcﬁ)= 1@( L\'\'L‘L)o

(107)
The numerical solution of Eq. (106) is obtained from two finite sums Nl

and Nz over an interval of N different points with the method of moments. The

increment A between adjacent points is

- L+l _ Li+Lao
& N ’N_ VAN )

(108)
with Nl and Nz determined by Ll’ L2, and A,
L, L N
> = )
N‘ faN L\*'\—L
\_1. \—‘I.. N
N1= ———= [ ]
AN L vLa
(109)

The integrals for the first and third terms in Eq. (106) are combined as




> ) " - ]
-l ,
S:: Al WK (Zyu) dw |
vl ‘
x —(Lrll) + T_,,‘L\,QTZ“(:,UJ Ao
Li+l2 La
- Sx o) [\_{ alz,w) +—‘Zo-(7'7"“')‘1 du,
. o

(110)
and the second term becomes

L2
‘SELQCGDEZBQZHUJaW“

B T _ _
J ..—_SI- \p(u\{_ w b(z"*) - Kb(-"’-u)] du.i
A |

i (111)
' In the method of moments, the integral in Eq. (110) 1s approximated by a

finite sum over Nl different points,

Ly +La
\S~:S:-¢..<-\‘:){35::¢h_(.fz_,\A:) Ci VL, \‘i ¢k_(jl ,—'\JL j:l °k‘ku
La
Lad D

gto..(\.ﬂ‘_‘—zw(’"“) + ‘Z NCI ?]o\u.

L=




Ly & 2.4

+ g Taol(lLa+d) [‘Z&(z,u) +E “(2.,-\&)] Aw
, Lax A

Lirl2
‘e ¥ S\:«(L\‘\-L;-A)Y_\zo\(z:“)* T{&L"‘-“ﬂ Au,

Livla—A

with a similar expression for Eq. (11l1), for N2 points,

(112)

AN
51 v [ Kz,u )+ Klz-w] du

o
b

; ) - ST-\,( A)K_‘Z'.,, () + Kplz,=uw)] dw
N }

“* Sl.b(\-;"ﬁ)t\{-b(z)u)"' X b(’-;"u)-l AK .
Lq_"‘b

(113)

The first terms in Eqs. (112) and (113) are similarly divided,
Lav &

S:: K (2w + R (2 u]) due
1 LoD

= S:“Lu)[‘\z ,,QO,u)-\' 3 “KO’-K)] du




N

L& | ,
+ Sl &(u)[E Y- SUNEL Y. (a ,-u.)) Aw
La

Lad&
Foor b gia_cu)‘._-\{ oLNA W+ Kalna .-u.)] dw i
L2 1

(114)

a
SI\,Lu)Y_E\,Lz,u) + .-\Z\,(z,-w)] - VN
o

| o
f - SI\.L\ALE\,(O\UQ » Ky (°o'“)1 Aw
o

o
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with similar divisions for subsequent terms.

Rearrangements of the preceding equations are made in the partial sums
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where Z and T are
am amp

Zam = Cm=-NA * La,

w2 Narl 3N 2,00 N=h N,
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Another change of variables,

V= u-m=-DA4A,

in the square root term in Eq. (78) creates, with z equals [p ~ 1] A,

(119)

J(z-2') *x o*

= \l (2-u=-2nl L+ LL:'D:D o

= J(Ev"‘jA" W=~ 7-“\-_\.\-\-\_1.‘4-):)1-\-&'-

= J( Cp- wlAa — [_v:fz“ (L‘a-\.:_:-b)]V'-&-cZ',

(120)
and for -u instead of +u, this last term is

J(Cpem-z3a-Tvazn(wlas D) Far,

(121)

so that Ka(z, u) and Ka(z’-u) become

_\Zg(‘l-;u\= E WKawn (Z) At 2n Lue ‘-t“'bj) ]

R . XK -]
oo
=S ke (Cr-0a) veTm-t1A
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na=9o9

(122)

\?Q_ (2\- w)

ZK““ (L prm 2], - V*Zh‘_‘ﬂ*"-t*ﬂ).

MNE = go
(123)

In Eqs. (122) and (123), we can write

T“amvz é“(‘)—\M\ '\'éu(pﬁ-m-z)»

(124)

where ga(m) is L‘I.*'A

ag(m)= § Kanlm A,v-\-ZnLLu-\.a-‘DJ)

Ne = 0
ed V.
L ™ (125)

For the center wire, the similar set of expressions are

: Na
A S ToZew) Tomp,
. =\

where

(126) !
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where, as in Eq. (125), gb(m) is }
A A
oD
gb(m\= S Kyl A v+ 2nlLivl D).
© e AV, R
(128)
Equations (116) and (126), combined with Eqs. (73) and (74) yield
N
2"— - W .y
:::\’ (,1:-".".).‘-‘.\""‘, - -F:::.‘::\ ‘:4,"-.(!"=L-‘l é;.|%E%§i:‘:!;
=\
N
uIY Ure
E :‘.(.'l-‘m‘“qmp r Creor B2p- 4 v
vASRNg 4\ (129)

where ZD = (p - 1) A. The combined system of equations has N unknowns and N
equations. The N x N matrix must be inverted to find values for Ia (z.m) and

Ib(zbm). Accuracy of results increases with larger values of N, but computer

time also increases.
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YI, GREEN'S FUNCTION

The preceding section introduced the method of moments to find the currents

induced on two collinear cylinders in a parallel plane waveguide. The source was
the incident electric field corresponding to one of the frequency components of
the EMP. This section introduces the azimuthal component, or ¢-component, of the
incident magnetic field corresponding to one of the frequency components of the
EMP. Instead of the functions K(z, z'), which are similar to Green functions, the
Green functions G(p, z|p', 2') are also introduced in the form of Green's second
identity.

If V is a closed region of space bounded by a regular surface S, and ® ggq ¥
are two scalar functions of position which are continuous together with their first
and second derivatives in V and on S, then the divergence theorem applied to the

vector ¥ V ¢ gives

SV. Cw vi)&v: S(\Vvi)'? o\s)

(130)

and expansion of V@ (¥ V ¢) gives

D (OE)=VWVE + ¢V E,

(131)
and with the dot product of the gradient of ¢ and the unit vector along the out-

ward going normal,

VE-% Y-

'V\ ) —
on )

(132)

George Green's first identity is obtained,

‘ <
San.Vﬁo\\M- w9V 3dv = S\P %Sa,s‘
(133)
George Green's second identity is found by interchanging ¥ and ¢ in Eq. (133)

and then finding the difference,

§ (B V)= % (vo Edva (L& ¢y~
ywrElov= (v a-gd.vlas, o,
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where the normal n is now directed inward to represent the inside surface of
the parallel plate guide.
If ¥ is the Green's function G, where

é&\v-\r'l
v=@= ST

(135)
\r-v/l= Jfa"ﬁ-p”\- ng’m(é-d»’)*(i;.-l')}
and ¢ is the source,
d = \&(P,z.)m.et,-
(137)

then ¢ satisfies the Helmholtz equation in cylindrical coordinates,

i.""g‘r("% "'e:: = *5}%««#
—{- Pae - 'g'z'-"'ﬁ}“

-0.

(138)
If ¥ = G, where G 18 a function of p, p', 2z, 2', ¢, ¢', and ¢ is u cos ¢,

where u is a function of p and z, then Eq. (134) becomes

Siu. ot @V - &V z(wmQ).g dv’

- ST By )= o g Y

(139)




where dv' = p'dp'dé'dz' and

- SC o’/ / l)
(Drx pM)GE S E:S'(*)Sh

with § equal to the Dirac delta function, named after the infinitely known
Paul Andre Maurice Dirac. Substitution of Eq. (140) into (139) yields

h-(pﬂ-) b ¥ S{u. m¢'§-:,—@.%“,(um¢‘)}'

)
*dS ) (141)

where dS' = p'd¢'dz'. Multiplying Eq. (141) by cos ¢ and integrating with

respect to ¢ creates

Su..(fﬂ-) ol de = TTU( ?)Z)

= Su—!.cb A& @u s aa:,
)

/
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If a function F (¢) is an even and periodic function, then F (9) =

F(.cp) and F (¢) = F (21 + ¢), then
an T
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(143)
with the orthogonality of cos ¥ being introduced. The function F (¥), where
Y = ¢' - ¢, could be expanded into an infinite Fourier series, but only ‘1.
cos ¥ would remain. Since G and GV are similar to F (¥),

a Q“’ ‘\’au
V‘(?ﬂ-) Siw ! }
(144)
where 217
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When u is the ¢ - component of the magnetic field, and is equal to u,
and the volume V is the pair of collinear cylinders, with

a’W‘EP i‘ \'\Q,
ywe Ea = (3-’;-\-#;)\'\#,

(147)
we have from Eq. (144), V

Mg = S(;\?/. :’_&J{\-\.» ?z,Q.&!\
. é.we E?GL\\} P’AP’ s
’ - Si\h (p'a®) —gwepB2 &)

06.2. -
‘ |
(148) !
When this equation is applied to the two cylinders in Fig. 1, with :
boundary conditions
2 q=0, 2=0,5,
(149)

and with the integration path along the cylinder surfaces, end or top, and
interface between wire and cylinder, Ep and Ez are tangent to the conducting
surfaces and are zero. The expression for the total magnetic field (¢ - com-

, AR ; ponent) 1is |
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(150) i
where the first term is the incident magnetic field, the second is for the ;
axial current induced on the wire (or thin cylinder), the third is for the

radial current induced on the interface between wire and cylinder, the fourth
is for the axial current induced on the cylinder, and the last is for the
current induced on the top of the cylinder.

The incident magnetic field . g

- -3Pz
R e-a.Hee °
(151)
and if the waves are incident on cylindrical structures, a representation of

plane waves in a cylindrical coordinate system is required. A Fourier series in
¢ is represented as
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vhere all Jn(B p) terms vanish except n = 1 because of orthogonality.

In terms of currents on the cylinders and cylinder faces, with axial

currents related to magnetic fields by

. A -_‘:“(.2.')8 2.“'@_\-\*(&,2'),
Ib (2/)=s T o el 5,2’), (154)




and with K (p,z|a,z') and K (p,z|b,z') related to the Creen's function by
Kalpzla,2/)=- Q— , Cpl@) \
P p’aq..

Kplprzlby2/) = —g;, (e"')'\"h .

(155)

the expression for current becomes
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where I . (p') and 1,5 (p') are identical to expressions in Eqs. (95) and (96)

in the last section. The currents Ioa and Iob correspond to Ia and Ib in this

section.

The Green's: function G is found with the theory of images and with Eq.

(145), o~

¢ 12l
Q P’z\q:f gﬂRho "PR-;“

_z Si“m’ +5‘i7m‘§w\-¢&b»

nNe=0 P (157)
where R. and R . are the images,
no nl

(158)

(2nS+242))% .\.‘o"«\-p' 2

'\=-----........----
—Z?f’m‘b )
Rm‘-’ (2mS=242/)% o *?'7'

":--------"""-"
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The method of moments, applied to this formulation, will yleld better results
than the preceding section because it has better coverage of the end and interface

of the cylinders. Numerical integration is more suitable here.

Another method related to conformal mapping was brought into consideration, but

time constraints intervened. It is described below (from the Snark Hunt by Lewis
Carroll).

You boil it in sawdust;

You salt it in glue;

You condense it with locusts and tape;
Still keeping one principal object in view,
To preserve its symmetrical shape.

-

—




VII, RECOMMENDATIONS

Four methods to find the currents and charge distributions on a cylinder

connected by a wire to one side of a parallel plate guide indicate an interesting
phenomena in the wire-cylinder interface. The concentration of electric field i
lines at this interface is accompanied by an increase in electric charge density. i
The decrease in current from the cylinder to the wire appears in the displacement |

current originating from the increase in charge density.

-\

Follow-on research can follow two related paths. One path is a computer-aided
evaluation of the results described in the last three methods. Another path is an
experimental evaluation of currents induced on a metal cylinder conmnected to one
side of the TRESTLE or ALECS EMP facility. The cylinder could be connected with

short, intermediate, and long (compared with cylinder length) wires. Current

P

measurements should be made at the junction and intermediate points. The displace-
ment current should also be monitored, especially in the junction of wire and

cylinder vicinity.
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FELECTROMAGNETIC SCATTERING FROM

DIELECTRIC AND COMPOSITE BODIES

by
Dr. William G. Bradley

ABSTRACT

The methods of computing scattered fields from dielectric bodies are
reviewed. The procedure that is required to extend some of these methods to
include the computation of bistatic cross sections is considered. A literature
search showed that little work has been done on scattering from composite
bodies. Carbon composites are of particular interest, and experimental and
analytic work is proposed. The possibility of controlling the scattering cross
sections by the design of special composite materials is considered. Specifi-
cally, it may be possible to construct a composite with y, =€, This is
relevant to the theory of absorbers in scattering where additional work is

proposed.




1. INTRODUCTION: The Electromagnetic Sciences Division has been involved with
Electromagnetic Scattering for many years. They presently are constructing a new
scattering range that will be capable of measuring backscatter and bistatic radar
cross sections of a wide range of targets, and planning analytical studies of

g scattering problems. Since the author®s Ph.D thesis was in the area of scattering
from dielectric bodies, he was asked to review the literature on scattering from
dielectrics, and suggest ways of extending the previous work to other cases and
other materials. The research reported in this paper is intended to support and
help in the planning of the scattering program.

II. OBJECTIVES: The primary objectives of this present were:
a. PReview the literature and study the various methods of calculating
the scattered fields from dielectric bodies.
be. Present a seminar on scattering from dielectric bodies.
ce Collect information on composite and other materials that may be
important to radar scattering.
d. Recommend future measurements that could be done at the scattering

: r range and analytical work that will support and measured results.

I11. SCATTERING FROM DIELECTRIC BODIES: The topic of electromagnetic scattering
from dielectric bodies has received a considerable amount of attention for many '

years. However, there are many unanswered questions of current interest. !

Logan1 did an extensive review of the early work on scattering from spheres.
He indicates that Clebesch? solved the elastic wave equations for a spherical
obstacle in 1863. Many other researchers worked on the problem and Mied (1908)
extended the work of earlier papers. His paper was used as the basis for much
of the later work. Stratton® (1941) included Mie®s work in his text.

Even though Mie®s results were available as early as 1908, it was not prac-~
tical to compute numerical solutions for wide ranges of parameters until high
speed digital computers became available. Adend (1951) used the equations in
Stratton®s text, with minor modifications, to compute the backscatter areas of
- metal and water spheres. Atlas et al® (1963) computed the backscatter area of
ice spheres. King and Harrison’ (1971) computed a comprehensive set of results

for a wide range of frequencies and complex dielectric constants.




It is possible to compute the scattered fields from a few non-spherically
shaped bodies by a method of separation of variables similar to that used for a
sphere. Specifically, the surface of the scatterer must be a constant coordinate
surface in an appropriate coordinate system. This method was applied to a per-
fectly conducting prolate spheroid, with nose-on incident wave, by Siegel et a18
(1956). The results were in terms of an infinite series of prolate spheroidal
harmonics. Ritter? explains the considerable computational effort required to
obtain numerical results. Dodge10 (1980) calculated the scattered fields from a
thin metallic disk with arbitrary angle of incidence. The analytical and compu-
tational difficulties have prevented the widespread application of this method
to dielectrics. However, Assano and Yamamotoll succeeded in deriving the equa-
tions and computing numerical results for dielectric prolate and oblate spheroids.
The elegance of the analytic solutions is immpressive. lowever, the computation
time required to obtain numerical results from the equations may be comparable
to that required for some of the numerical methods to be considered later.

Since general analytic solutions of the scattering problem are complex, and

are avallable for only a few simple shapes, both high and low frequency approxi-
mation methods have been developed. High frequency approximation methods apply
to bodies that are large compared to a wavelength. They involve application of
geometric and/or physical optics methods. These methods work best for convex
metal objects. Dielectric and concave metal objects require tracing rays through é
multiple reflections. See for example, Van Bladell2 Chapter 9 for an introduc—
tion to high frequency methods and the review article by Kouyoumoian.l3.
Rayleigh14 (1897) developed a low frequency method which can be applied to
bodies that are small compared to a wavelength, and he used it for spheres. If
the dimensions of the body are small compared to a wavelength, the field in
approximately uniform across the body. Therefore, on an instantaneous basis,
the field can be considered constant, allowing static field techniques to be
used. Many analytic as well as numerical techniques are available for mapping
the static fields. Kleinmanl® reviewed the low frequency approximation tech—
niques.
The resonance region is the frequency range where the dimensions of the

scatterer are of the order of a wavelength. Neither the high frequency nor

low frequency approximations are adequate in the resonance region. Maxwells i




equations or equatins derived from them must be solved for the fields.

There have been several attempts to extend the Rayleigh approximation
into the lower part of the resonance region. Stevensonl® derived the first
three terms of a series solution. The Rayleigh approximation corresponds to
the first of the series terms, Stevensonl’ applied his method to a dielectric
ellipsoid. However, Greenberg et a1l8 obtained disappointing results with
the Stevenson method when they compared it and the Rayleigh approximation to
the exact results for the sphere. Kleinmanl? reduced the problem of finding
the first few series terms for perfectly conducting scatterers to a series of
scalar potential problems each of which probably could be solved numerically.

* These series methods probably deserve more attention than they have received
in recent years.

Perturbation and point matching methods have been developed as a means
of extending the exact solution for a sphere to obtain approximate solutions
for non-spherical bodies. Oguchizo'21 obtained an approximate solution for
slightly non—-spherical bodies by means of a first order perturbation on the
shape of a sphere. Oguchizz, and Morrison and Cross2> assumed a solution in
the form of the spherical wave functions that are exact for the sphere, and
then adjusted the coefficients such that the boundary conditions are satis-
fied at a series of points on the surface of the scatterer. Morrison and
Cross also used a least square technique to improve the match at the boundary.

Integral equation methods, with numerical solutions, have proven to be
among the most efficient techniques for use in the resonance region with non-
spherical scatterers. Edwards and Van Blade124 (1965) derived an integral
equation for the scalar potential on the surface of a dielectric body in a
static field. Waterman?d indicates that Mave derived an integral equation
and an integro-differential equation, either of which can be used to deter-
mine the surface currents on a perfectly conducting scatter. The integral
equation is included in Val Bladel®°sl? text. Waterman2> derived an alternate
but similar integral equation. Several papers that apply the integral equa-
tion method were reviewed by Richmond26 and Waterman27.

Andreason?® determined the surface current and the scattered fields for
a perfectly conducting body of revolution. He derived an integral equation,
which he approximated with a matrix equation that was solved on a digital com-
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puter. The dimensions of the matrix equation were reduced by expanding the
incident field in cylidrical modes and solving for the fields on a mode by
mode basis.

Rhodes29 derived an integral equation for scattering from a dielectric
body. However, in practice, solution of his equation by numerical methods is
limited by the fact that it includes both an integral over the surface of the
scatterer and an integral over the interior volume of the scatterer. ;
Harrington30 includes an integral equation which contains only a volume inte-
gral. This equation is very powerful in that it can be applied to dielectric j
bodies with complex dielectric constants, as well as non-homogeneous bodies. :
However, when the integral equation is approximated by a matrix equation, the
accuracy is severely limited by the size of the matrices which can be handled
on available computers. Several methods have been developed which use only
surface integrals. However, these methods are limited to homogeneous bodies.

Surface integral equations were derived by use of the equivalence theorem,
which states that sources inside a closed surface may be replaced with equiv-
alent electric and magnetic current sheets on the surface.3! Outside the sur-
face, the fields due to the equivalent current sheet J; = n x H; and the mag-
netic current sheet Mg = -n x Eg are equivalent to the fields due to the inte-
gral sources. Bradley32 ugsed the equivalence theorem to derive integral
equations for the internal fields inside the scatterer in terms of the tan-
gential components of the scattered fields at the surface. For bodies of
revolution, the incident fields were expanded into cylindrical modes and the
fields were determined on a mode by mode basis. The surface was divided finto
subsections and the method of subsections with point matching was used to
approximate the integral equations with matrix equations. The matrix equations
were then solved for several bodies of revolution.

The approach used by Bradley is limited to lossless dielectric bodies
because the induced currents in lossy dielectric would violate the assuaption
that the internal fields can be expressed in terms of the surface fields with
no internal sources. Barber and Yeh33 used a method originally proposed by
waterman3? to remove the requirement that the dielectric constant be real.

They used the equivalence the internal field in terms of spherical harmonics

with point matching at the boundary. Their expansion of the internal fields




in spherical harmonics works best for bodies that are not too far from spheri-

cal. However, I recommend their method of solving for the scattered fields

from homogeneous bodies of revolution with complex dielectric constant.
The unimoment method as developed by Mei33 1s an application of the finite
element method. Mei restricted his equations to bodies of revolution where the

elements are rings and the variation around each ring is known for any given

mode. Even with this restriction, the number of elements is large resulting in

.

large matrices. However, the matrices contain many zeros and the equations

that must be solved for each element are relatively simple. A masor advantage
of this method is that in principle it can be applied to inhomogenous bodies.

Practical limitations may require that ¢ and p be constant around each elemental

ring, thus requiring that the body be rotationally symmetric with no variations

in € and p about an axis of symmetry. Also, if the inhomogeneous material extends
throughout the body, the numbe - of elements will be very large because Mei‘s
method of terminating the finite elements on a sphere and continuing the solution

throughout the sphere may not be applicable.36 However, the application of finite
element and/or finite difference methods to electromagnetic fields problems appears
to be a very productive area of research, especially with inhomogeneous or aniso-

tropic media.

IV. BISTATIC CROSS SECTION: Most of the papers referred to in the previous sec-

tion compute the backscatter cross section and/or the extinction cross section.

However, there 1is current interest in calculating the effective cross sectional

area for signals reflected in directions other than directly back toward the

transmitting antenna. Computation of these "bistatic" cross sections presents

no theoretical difficulties. 1In most of the computational methods discussed in

the previous section, the tangential components of the scattered electromagnetic

fields are computed as an intermediate step in the backscatter computations.

With the tangential components of the electric and magnetic fields on the scat-

terer surface known, a straight forward application of the equivalence theroem
yields the E and H fields in any desired direction. Bradley32 explains the

details of this computation in the backscatter direction, and a similar pro-

ceedure can be used to compute the bistatic cross section in any desired direc-

tion. This will require an integration over the surface of the scatterer. The




receiving antenna normally will be in the far field of the scattered radiation,
hence only the 1/R terms must be included in the integral equation. If the com-
puter programs that were used to compute backscatter area are still available,
it may be possible to modify them to compute bistatic cross sections. Only a
modest amount of programming and some additional computer time would be required
to compute a series of bistatic cross sections. Probably many of the published
computations of backscatter area should be extended to Include bistatic cross

sectional area for a range of bistatic angles.

Vi. COOMPOSITES: There are two primary areas of interest involving scattering
from componsites., First, large amounts of composite materials are being used in 4
aircraft and other radar targets. For example, Aviation Week and Space Technology,
in the concluding article in a feature on advanced materials, predicts all com— !
posite fighters,37 Thus, it is important to know the scattering properties of the
various composite materials that are being used as structual components. Second,
it may be possible to control the scattering properties of objects by the design
of the composite materials from which they are construted.

Composites consist of one or more distinct materials. For example, one
definition is: '"Composites consist of one or more discontinuous phases embedded
in a continuous phase. The discontinuous phase 1is usually harder and stronger

than the continuous phase and is called the reinforcement or reinforcing material,

whereas the continuous phase is called the matrix."38

Materials that fit this definition have been around since ancient times.
For example the ancients used straw as reinforcement in their bricks, and the
Eskimos used moss to strengthen ice. However, the advanced composites that are
used in aircraft and spare applications have been developed more recently. As
explained in references 38 and 39, most materials have measures strengths two or
more orders of magnetiude less than theovetical. Various defects cause the dis-

crepancy between theoretical and measured strengths. Whiskers are single crys-

tals that are almost completely free of defects. Whiskers of graphite, Aly 0y,
S1C ets are used for reinforcing plastics. However, due to the short length of
the whiskers, they are not as good reinforcing material as fibers. Fibers of

materials such as glass, kevlar, boron and carbon can be made relatively free

of defects and are commonly used as reinforcing materials. Among these, the




carbon fibers (due to the high strength of the covalent carbon bond, and good
high temperature performance) appear to be preferred for advanced composites.

Matrix materials include plastics, metals, and ceramics. Metal matrix
naterials have some interesting properties, but are of little interest in the
scattering field because usually a radar will see only the conducting metal
matrix. Ceramic matrix materials are used primarily for high temperature
applications.“o Several polymers have been used as matrix materials. Among
these, epoxy matrixes are most commonly used with carbon fibers, at tempera-
tures below about 250'C.

Hybrid composites containing two or more different types of fibers are J
sometimes used to improve the performance or reduce the cost relative to a
composite containing a single type of fiber. For example, carbon fiber
composites are very strong but brittle. Glass and Kevlar composites are not
as strong, but much less brittle. It has been found that introduction of
glass and/or Kevlar fibers into carbon composites significantly increases

the impact strength without reducing the maximum strength.41

V. SCATTERING FROM CARBON COMPOSITES: Since increasing amounts of carbon 1

composites are being used in aircraft and other radar targets, the scattering
properties of carbon composites are important. A search of the open litera-
ture did not locate any articles on scattering from carbon composites. A
large number of books and articles have been published which deal primarily

] with the mechanical properties of composites. One handbook on the Electronice
Properties of Composite Materials,42 which was sponsored by the U.S. Defense

Supply Agency contains some relavent information. However, it does not con-

sider scattering and the electrical information on carbon composites is some—

what limited without much background explanation. One problem is the con—

siderable variation in electrical properties of various carbon fibers. For

example resistivities ranging from .83 x 1073 to 7 x 1073 ohm - On are given

for various carbon fibers. The electrical properties of the composite

1 material depends upon the orientation of the fibers and the percentage of

aw fibers in the composite, as well as the conductivity of the fibers themselves. ]

The fiber orientation may be unidirectional, bidirectional, or random. Also,

the fibers may be oriented for maximum strength of complex parts.
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The simplest possible model for composite material is unidirectional con-
ducting fibers imbedded in a dielectric matrix with the fibers separated from
each other by dielectric. When this composite 18 in an electric field, the
author would expect it to behave much like a perfect conductor when the elec-
tric field is polarized parallel to the conducting fibers and much like a
dielectric when the electric field is polarized perpendicular to the fibers.
Composite material with bidirectional conducting fibers should behave much
like a conductor regardless of the polarization. The author suggests that
these theories be tested by constructing circular disks of unidirectional and
bidirectional composite sheets. The disks could be placed in the scattering
chamber and the backscatter area measured as the disk is rotated from parallel
to perpendicular polarization. Dodge10 computed the backscatter area of cir-
cular metallic disks and his results could be compared with the measured
results for the composite disks.

An analytical model also could be developed for scattering from unidirec-
tional composite. I suggest starting with geometric optics and Rayleigh
approximations and proceeding to the more difficult resonance region 1if pre-

liminary results indicate that the effort 1s justified.

VII. DESIGN OF SPECIAL COMPOSITES: A consliderable amount of effort has gone

into the design of composites to optimize various mechanical properties. How-
ever, apparently little effort has gone into the design of composites with
desired scattering parameters. Allen and McCormick43 constructed a dielectric
material that closely matched the dielectric constant of ice. They increased
the dielectric constant of a plastic matrix by adding titanium dioxide powder.
One simple procedure would be to create conducting paths in glass or
kevlar composites by replacing the non-conducting fibers in certain areas with
conducting fibers such as baron or carbon. These conducting paths could be
used as antennas, or to change the radar signature of the composite objects.
Weston?* and Wagner and Lynch45 have shown that a body of revolution con-
structed of material with[‘} = 5: will have identically zero backscatter
area when viewed from the nose-on direction. It now appears possible to
design a composite material with p, = €, for some range of frequencies. If

this can be done, spherical satellites would be invisible to radars whose oper-
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ating frquency is in the range where pu, = .. One limitation is the fact
that the dielectric constant is a function of both frequency and temperature.
Specifically, the author believes such a composite could be constructed by
starting with a polymer matrix such as epoxy and adding a power with a high
dielectric constant such as titanium dioxide and another power with high
permeability. For example, 2-81 moly permalloy powder has up = 125 and
carbonyl iron powder has U = 6065, and titanium dioxide has €, in the

range of 85 to 170 depending upon the orientation of the crystals“6. The
resulting composite could be used as a layer on the surface of a sphere.
Aden®? includes equations that could be used to compute the scattered fields

from two concentric spheres.

VIII. RECOMMENDATIONS: Severa recommendations have been included in the body

of the report. Some specific recommendations are:

1. Compute bistatic cross sections for some of the dielectric bodies
whose backscatter area has previously been computed. One possible starting
point is to take the numerical method used by Barber and Yeh33, and extend

it to compute bistatic cross sections.

2. Construct circular disks with unidirectional carbon fiber composite
and bidirectional carbon fiber composite, Measure the backscatter area of
the disk as the disk is rotated. Compare the results with Dodge'slo computed
results for circular metallic disks. Start with disks that are large com—
pared to a wavelength, and then use disks of the order of a wavelength and

small compared to a wavelength.

3. Develop an analytical model for scattering from simple shapes con-
atructed of unidirectional carbon composite. Start with high and low fre-
quency approximations and proceed to the resonance region if preliminary

results indicate that the effort is justified.

4, FExperiment with the design of various composite materials. A com-

posite with y,. = €, appears to be possible for some range of frequency.
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AN INVESTIGATION OF NONPARAMETRIC MAINTAINABILITY AND ]

RELIABILITY TEST PROCEDURES

by

N,

Jerome D. Braverman
ABSTRACT

A wide body of nonparametric statistical tests was investigated to
determine which, if any, are applicable, either as described or with modif-
ications, to the maintainability/reliability demonstration problem. The
nonparametric tests having the greatest potertial for this application
belong to the category of one-sample tests of location. Of these, the sign
test and the Wilcoxon signed rank test appear to be directly applicable to
the maintainability demonstration problem as alternatives to the currently
used parametric tests, particularly when sample sizes are small and/or

parametric assumptions cannot be validated.

A group of tests called "normal scores tests" also appear to be
applicable to the maintainability demonstration problem while the "expon-
_ ential scores test" may be applicable to the reliability demonstration
F problem. These tests should be the subject of future research effort. It

is also recommended that further research into the general area of order
statistics, a class to which the previous tests belong, be continued.
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AN INVESTIGATION OF NONPARAMETRIC MAINTAINABILITY AND RELIABILITY
TEST PROCEDURES

I. INTRODUCTION

MIL~STDS 471A and T781B 1list currently used maintainability and
reliability demonstration test procedures. With a few exceptions, the
procedures used ére the classical parametric statistical tests common in
most types of testing situations. These tests impose requirements either
on the type of population distribution involved, i.e., exponential,
normal, log-normal, etec., or on known values of population parameters such
as the variance, or on both. When large samples are possible, central
limit theorems obviate exact adherence to the requirements of the
parametric tests but nevertheless do not entirely eliminate problems
associated with a lack of conformance to these requirements. And since
these central 1limit theorems apply only to large samples, problems arise
when samples of sufficient size may simply not be available or possible.

According to Bradley (2), central limit theorems have usually dealt
with linear functions of a large nugber of variates, and under various
assumptions have proved convergence to normality as that number increases.
For a large, but fixed number, the approximation of the distribution to
normality is typically close within a restricted portion of its range, but
bad in the tails. Yet it is the tails that are used in tests of
significance, and the statistic used for a test is seldom a linear function
of the observations. Furthermore, these theorems apply strictly only to
n=09., When in application we take infinite to mean large, even very large,
the fit between the true distribution of %, for example, and the approached
normal distribution tends to worsen rapidly at a given n, at increasingly
remote tail regions. Unfortunately, this qualification is rarely mentioned
in the statistical literature where extravagant claims about the rapidity
of approach to the normal distribution are commonplace. It does not follow
logically that approximate normality and homogencity insure approximate
validity of a test which assumes exact normality and exact homogencity. It




has become apparent that under violation of assumptions, normal-theory
statistics are in fact approximate tests. In a surprising number of cases
the approximation is excellent, in many cases the approximation is fair to
good, but that in some perfectly realistic cases it is so bad as to be
unacceptable.

It would be advantageous to determine if alternate teats can be obtain-
ed from the large body of procedures called nonparametric or distribution
free that require no, or at least fewer and/or weaker, assumptions about
population distributions and parameters. These nonparametric methods use
nominal and ordinal data, categorizations and ranks, instead of the
interval and ratio scaled data used in most parametric tests.

Classical statistics typically use the mean and variance as measures
of location and dispersion. This is because it was mathematically conven-
ient to do so rather than because the mean and variance are any truer
measures of location and dispersion than many others. A good, though
debateable case can be made for means and variances as indices of location
and dispersion when the normality assumption holds; the argument loses
much of its force, however, when that assumption fails. The wedians
interquartile ranges, etc., used in nonparametric statistics have certain
unique advantages even under normality and may be far more appropriate when
the sampled population is nonnormal.

The efficiency of nonparametric methods relative to classical tests
has been investigated under common nonparametric conditions and the non-
parametric tests have often proved superior to their parametric counter-
parts. Consequently, the preference for classical tests over nonparamet-
ric tests in situations where distribution and parameter assumptions can-
not be demonstrated appears to be unjustified while reliance on central
limit theorems may not lead to any better results.

The investigations of nonparametric alternatives to current maintain-
ability and reliability tests could result in more accurate, i.e., smaller
risks, tests in situations where sample sizes are small and distribution

and parametric assumptions cannot be validated.

.




SIS PN

II. OBJECTIVES

The principal objective of this research originally was to determine
which, if any, types of nonparametric methods are applicable to maintain-
ability and reliability demonstration. A secondary objective was to anal-
yze the applicable nonparametric methods and determine how they compare
with the present classical tests with respect to power, risk, cost, and
robustness. An additional objective which should be added to these is to
determine and recommend the most promising course of future research into
nonparametric methods for maintainability and reliability demonstration.

In order to accomplish these objectives it was necessary to perform the
following tasks:

1. Survey the tests currently being used.

2. Search the nonparametric literature to determine which of the many
types of nonparametric tests have potential for application to
maintainability and reliability demonstration.

3. Select from the appropriate categories of test procedures those
specific tests that appear to be most applicable to the problem.

4., Demonstrate the use of the selected nonparametric tests in the
required application areas.

5. Develop comparative measures of effectiveness for these tests vis
a vis present test methods.

Due to time constraints, tasks (2) through (5) could only be partially
accomplished during this period and the objectives only partially achiev-
ed. However, recommendations for continuing this research and achieving
its objectives have been formulated and appear in the appropriate section
of this report.
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III. SUMMARY OF CURRENT MAINTAINABILITY/RELIABILITY DEMONSTRATION
TESTS

The appropriate MIL-STDs list eleven test methods for maintainability
demonstration and a series of sequential and fixed sample test plans for
reliability demonstration. The reliability tests fall into two classes,
sequential and fixed sample plans, and within each class the tests are
similar and differ primarily with respect to the risk 1levels and
discrimination ratio. None of these reliability tests are nonparametric
and all assume the underlying failure distribution to be exponential. In
fact, Handbook H108 states, "It is important to note that the life test
sampling plans of this chapter are not to be used indiscriminately simply
because it 1s possible to obtain life test data. Only after the
exponential assumption is deemed reasonable should the sampling plans of
this chapter be used."®

The maintainability test methods are tests of means and/or percentiles.
Two of these are based on a log-normal assumption for the underlying
distribution and one of these requires a known prior estimated variance.
Five test methods depend on the central 1limit theorem and large samples.
Only two appear to be truly nonparametric. These are method #2 which
utilizes a test (sign test) based on binomial probabilities and #8 utiliz-
ing a sequential test of proportions again based on binomial probabil-
ities.

The most likely test situations which appear to lend themselves to the use
of nonparametric methods are test methods 1, 2, 4, 5, and 7 where the
demonstration of maintainability requirements is limited to a single para-
meter. With regard to reliability, it would appear that this area is wide
open for the application of nonparametric methods.

®H108 Sampling Procedures and Tables for Life and Reliability Testing,
Office of the Assistant Secretary of Defense (Supply and Logistics),
Washington, D.C., 21 April 1961.
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IV NONPARAMETRIC STATISTICAL METHODS

In 1962 a bibliography of nonparametric methods listed about 3000
different procedures.® Twelve years later, in 1974, E. L. Lehman (11)
estimated that that number had approximately doubled. A detailed survey
and review of such a large body of procedures would obviously be very time
consuming, though possibly worthwhile, and would obviously delay any
practical application of pertinent techniques to the problems at hand for
an unacceptable period of time. Fortunately, nonparametric methods can be
categorized into general types of tests and only those categories
investigated which appear to contain procedures of the type that are
applicable to the maintainability/reliability demonstration problem. This
is the procedure that was adopted during this research effort and although
applicable techniques may possibly have been overlooked in eliminating
whole categories of procedures without detailed investigation, this
appears to be the most practical way of achieving results within the
shortest time period.

Although classification schemes differ, a simple catgorization of non-
parametric tests that is useful in the context of this reaearch is as
follows:

(1) Tests for randomness

(2) Tests for independence or correlation

(3) Tests for goodness-of-fit

(4) Tests for comparing two treatments or populations ~ two sample
tests

(5) Tests for comparing multiple treatments or populations - multiple
sample tests

(6) One sample tests of location.

It is the tests that fall within category (6) which appear to have the
greatest potential for application to the maintainability/reliability dem-

onstration problem and it is this group of tests that have been the subject
of this research.

®Savage, I.R., Bibliography of Nonparametric Statistics, Cambridge MA,
Harvard University Preas, 1962,
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I. R. Savage places the true beginning of nonparametric statistics in
1936 although tests of this type date back to the year 1710. However, it

is from 1936 that nonparametric statistics began to take the form of a
separate discipline. In this new discipline no attempt is made to identify
or specify the exact form of the sampled population. Emphasis is placed
instead on the characteristics of the observed sample.

Nonparametric statistics generally do not utilize the actual magni-
tudes of the sample observations. Instead, they use frequencies or order
relationships such as ranks. Although it may appear that the information
that is inherent in the value of the magnitude of an observation is wasted
when nonparametric techniques are used, actually the utilization of this
additional sample information is only made possible by the population
information embodied in the parametric tests' assumptions. Therefore the
nonparametric test is wasting information only if the assumptions neces-
sary for the parametric test are known to be true.

This leads to a consideration of the relative efficiency of nonpara-
metric tests with respect to their parametric counterparts. The general
conception is that nonparametric tests are less efficient and less power-
ful than parametric tests. However, studies of test effecti~eness which
led to this conclusion were apparently conducted under conditions meeting
all of the assumptions of the latter type of test. Under those ideal
conditions the parametric test was always found to be more efficient than
the nonparametric. Frequently, however, the difference in efficiency was
quite small. However, as mentioned above, when comparisons are made under
less than ideal conditions, that is when the parametric assumptions are not
valid, the nonparametric tests are usually equal or superior in effici-
ency.

The sample size is also an important factor in determining the relative
merits of nonparametric and classical tests. When ony small samples are
available nonparametric tests are easier to use and only slightly less
efficient even if all of the requirements of the parametric test have been
met. When samples are large, some nonparametric tests will still compare
favorably with their parametric counterparts. In many cases, however,
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their efficiency relative to the parametric test may drop appreciably. On
the other hand, violations of the parametric assumptions can be compensat-
ed for at large sample sizes due to the effect of the central limit
theorem. Consequently, when samples can be large, although either type of
test may be superior, circumstances become more favorable to the paramet-
. ric test. Nevertheless, since population distributions and parameters are
generally not shown in maintainability/reliability demonstration situa-
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tions it would seem that a body of nonparametric tests should provide a
viable alternative to classical tests. ‘

V. APPLICABLE NONPARAMETRIC TESTS #
A. Sign Test

The sign test is one of the simplest nonparametric tests based on the
binominal distribution and uses nominally scaled data. It can be used to

test three essentially different hypotheses. These are: :

(1) 1r Zl,.... Zn are independently distributed according to a common
continuous distribution L, it can be used to test that L is symmetric

about 2zero or any given point.

(2) If it is known only whether each zi is positive or negative and if
we let p = P(z?o) it can test the hypothesis that p = 1/2 against
the alternatives p¥ 1/2, p £ 1/2, or p > 1/2.

(3) In case 1 the sign test can test the broader hypothesis that the
median of L has a specified value. i

Referring to category (3), suppose we wish to test the hypothesis that
the median M of a continuously distributed population has the value Mo.
The outcome of randomly drawing a single observation X from the population
can be dichotomized into X> Mo and X< Mo' or X - Ho is positive and X - "o is

S
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negative. If the null hypothesis is true then "o divides the population in
half and if p = P (X)Ho). p = 1/2. Drawing an observation from the
population is a single Bernoulli trial and the number r of the X's which
fall into a given category is a binominally distributed variate with p =
5.

That is,

C
P('fc)"Z(?)Fr(“P)n-r ™)
r:o

The hypothesis that M = Mo can be tested by counting the number of X -
M, differences being of one algebraic sign and using either equation (1) or
the tables of the cumulative binominal distribution. The counting of signs
is the same as counting the number of values of x7M° or X(Mo.

The test is also applicable to hypotheses about any other percentile
such as X 75 = X,+ In this case if p = P (x )Xo), p = .25.

Test method #3 from MIL-STD-U471A called a Test on Critical Maintenance
Time or Manhours applies the rationale of the Sign Test. This test is of
the hypothesis
o
1 Py

-~ -
L I |
n

The values n and ¢, sample size and acceptance number, are obtained
using either the normal or Poisson approximation to the binominal distrib-
ution. ‘A decision rule of the form accept Ho if r < ¢ otherwise reject is
formulated where r represents the number of observation with a value great-
er than T.

B. A Nonparametric Sequential Test for Test Method #3

The fixed sample nonparemetric test procedure used in Test Method #3 of
MIL-STD-4T1A could be converted to a sequential probability ratio test




which will on the average result in a reduction in the sample size neces-
sary to reach a decision. The hypothesis, as stated in the standard
HO: T=X

is equivalent to the following hypothesis:

HO: p = po

Hl: p

it
b
[

and a standard sequential test of a proportion is applicable.

Such a test is designed ‘so that sample observations are made one at a
time and a decision to accept, reject, or sample one more unit is made
after each observation. The test can be designed so that an accept or
reject decision cannot be made before some minimum number of items is

sampled.

The decision criteria are as follows:
if pllpo < ﬁ/ l-« , accept Ho;
ir pl/po 2 l-ﬁloc y Preject Ho;

if B/1-o ¢ P/P, < 1- B/o , continue sampling.

For the example given in the standard, the fixed sample test plan
requires a sample of n = 23. Under a sequential test plan with the same a
and 8, the average sample number at p = P, is about 13 and at p = Py is
about 14. The ASN reaches a maximum for some value of p between P, and pl.
For the example this maximum ASN is approximately 18. The formulas for the
accept/reject criteria and ASN can be found in Dixon & Massey (5).

C. Signed Rank Test

One of the simplest nonparametric methods which can be applied to tests
of location (means, medians) is the Wilcoxon signed rank test. This test
was originally designed as a two sample test for identical populations and
was applied to the difference scores X 1'Y1 obtained from the sample. How-
ever, there is no need for the variate to be a difference score in order to
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use this test. It can be applied to n observations of )(i to test whether or
not every )(:l was drawn from a population that is symmetric about zero.
Therefore, if M is the median of the X population, the variate X-M=Z will
be symmetric about zero. So if we hypothesize that Mo is the median of the
X population, subtract Mo from each xi and apply the signed rank test to
the n values of Xi-Mo, we are testing the hypothesis that the median of the
symmetric X population has the value Mo. The signed rank test should be
applicable as a substitute for test methods 1, 4, 5, and 7 from MIL-STD-
471A.

The assumption necessary for this test is that xi, is a continuous
random variable with a symmetric distribution. Conover (3) defines sym-

metry as follows:
The distribution of a random variable X is symmetric about a line X=c
for some constant c¢ if the probability of X<c-x equals the probability
of X X c+x for each possible value of x.
Even though the exact distribution of a random variable may not be
known, it may be reasonable to assume that its distribution is symmetric.
Such an assumption is not as restrictive as the assumption of normality

since while all normal distributions are symmetric not all symmetric dis-

tributions are normal.

There are in fact a large number of symmetric, non-normal distribu-
tions which include:

1. The Continuous Uniform Distribution
2. The Cauchy Distribution

3. The Logistic Distribution

4. The Doudble Exponential Distribution

5. The LaPlace Distribution

6. Student's t Distribution
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If a distribution is symmetric then the mean coincides with the median and
any inferences concerning the median are also valid statements about the

mean.

The consequences of using the signed rank test under minor violations
of the assmuption of symmetry are not known and would warrant investiga-
tion.

Let Zl’ cevenasy Zn be a random sample from a continuous distribution
that is symmetric about zero. Actually, the point of symmetry could be any
known value. If X is symmetrically distributed about 00, Z = X-Oo is
symetrically distributed about 0. Let w, = w(Z,)

- > -
where w, = 1 if Zi 0 and w, = 0 if Zi < 0.

For the random variables Zl""’zn’ arranged in ascending order of
magnitude, the absolute rank of Zi, which specifies that it is the ith
smallest observation in terms of its absolute value is denoted by Ri' The
signed rank of Z, is then w,R

i it
positive observation is simply its absolute rank while the signed rank of a

Consequently, the signed rank of a
nonpositive observation is zero.

Let xi, coees xn be a random sample from a continuous distribution that
is symmetric about an unknown median, ©. Consider testing
H:0=0
[ o
against any one of three alternatives,
H,: 0&00
. >
Hi' 0 °o
. <
H e Oo
Let Z1 = x1 - 00, i=z1, ¢¢e.y, n and let i Ri’ cesay wn Rn be the signed
ranks of Zl,...., Zn respectively. Using the alternative hypothesis @ ~ Oo
as an example, it is necessary to determine an appropriate rejection region
for the test. The rejection region for this alternative should correspond
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to many positively signed ranks. The statistic proposed by Wilcoxan is

n
W= Zwi Ry (2)

=

where W is the sum of the signed ranks. Large values of W lead to rejection
of the null hypothesis in favor of the alternative hypothesis 0>0°. The
critical point at a significance level of o{ is equal to the 100 o th
percentile of the null distribution of W for a sample of size n. This
distribution has been tabled for various values of n.

For n > 15 the normal approximation can be used for the distribution of
W. P (W<k) is approximately the area under the unit normal curve below

[(k + 1/2) -/.l] /g where
.4/(7 n (n+1) (3)
y
f gz |2 (n+1)(2n+1) %)
2u
When zeros occur among the observations, that is X-Oo = 0, the usual
practice is to discard them and proceed with the number of nonzero observa-

tions as n.

If there are ties among the absolute values, the tied ranks are replac-
ed by their average (mean) rank. When using the normal approximation, in
the event of ties, the standard deviation of W should be computed from

g = 3n(het 2+n!'~Q
48

(5)

where D is the sum of the cubes of the total number of scores within each
tie among the absolute values. Equation 5 is provided by Kraft and
» VanEeden (11).

The most common index of efficiency for nonparametric tests is the
asymptotic relative efficiency, abbreviated A.R.E. The A.R.E. of the

8-15
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Wilcoxon signed rank test is .955 relative to the one-sample t test for an

hypothesized population mean and an A.R.E. of 1.50 relative to the sign
test for the median according to Bradley (2). This is in the case of a
normally distributed population, a requirement necessary for the t test.
Under these conditions, as the sample size diminishes from infinity toward
zero the efficiency of the signed rank test relative to the t test increas-
ed from .955 and approaches 1.00. If the population is symmetric and
continuous, conditions required for the signed rank test, but its exact
shape is unspecified, the A.R.E. of the signed rank test relative to the t
test cannot drop below .864, therefore .864 is the lower bound for the
A.R.E. over the class of continuous symmetric populations.®

Lehmann (12) provides a sample size formula for the Wilcoxon signed
rank test for a given o and [3 .

0o 2 (24 +28)
nx , ~ (6)
3N
where A = Ml-Mo and 0'2 must be estimated. Using this formula and data given

in examples for Test Methods 1B and 5 from MIL-STD-471A, the comparable

samples required are as follows:

To test:
HO:[J=30 « = 3= 0.05
2

"1’/" = b5 g = 900
Test Method 1B, n = U3 Signed Rank Test, n = U6
To test:

Hy: M= 2.0 = f# = 0.10

Hi: M> 2.0 A = M-Mo = 0.30
Test Method 5, n = 73 Signed Rank Test, n = 30

*Hodges, J. L. and E. L. Lehmann, "The Efficliency of Some Nonparametric
Competitors of the t Test," Annals of Mathematical Statistics, Vol 27, pp
324-335, 1956.
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D. Normal Scores Tests

There exists a body of tests which can be grouped under the general
category of normal scores tests. These tests involve transforming ranks of
observations to values obtained from the standard normal distribution.
All of these normal scores tests are similar in principle and all require a
transformation that cannot be made without reference to tables. In fact,
the use of the normal scores tests requires two transformations. First, a
transformation from observed values to ranks, then a transformation from
the ranks to a normal score. These tests compete extremely well in terms
of efficiency with other comparable tests both parametric and nonparamet-
ric. However, the extra statistical efficiency is bought by sacrificing
the simplicity that is inherent in other nonparmetric tests such as the
signed rank test. Nevertheless this group of tests warrants investigation
as alternatives to the present maintainability demonstration tests.

There are three basic categories of tests of this type. These are:

(1) The random normal scores transformation
(2) The expected normal scores transformation
(3) The inverse normal scores transformation

(1) The Random Normal Scores Transformation

According to Walsh (17) many different kinds of values can be used to
represent the ranks of a set of univariate observations. The principal
requirement is that the ranks have the same ordering, with respect to
algebraic value, as the corresponding observations. That is, the smallest
of the set of rank values is the rank of the smallest observation, etc. In

8-17
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particular, the values used for a set of ranks could be obtained as a
random sample from some completely specified univariate populations. Rank
values obtained in this way are called random ranks.

The use of random ranks to obtain significance tests, rather than ranks
with fixed values has both advantages and disadvantages. For many situa-
tions where the use of random ranks is apropriate, the null hypothesis
] implies that replacement of each observation by its rank results in the

ranks being a random sample from the population which yielded their values.

That is, the properties of the experiment, in combination with the random

method used to obtain the set of ranks, are such that this situation

occurs. In particular, if the observations are ordered in some manner that

) does not depend on their values, so that the corresponding ordering is
r obtained for the ranks of these observations, this ordering has no cond-
itional effect on the joint distribution of the ranks. This rand>m sample

property of the ranks allows an approximate null distribution for a test
statistic to be determined without much difficulty when the number of
observations is not too small.

The principle behind this test is to use order statistics from normally
distributed random samples instead of ranks. That is, instead of using the
rank i where the ranks range from 1 to n, use the ith smallest observation
from n random normal deviates. The arithmetic of the test is performed on !
the order statistics in the same way that it would be performed on the
ranks in the rank tests or on the original observations in the parametric
tests.

The test is accomplished by entering a table of random values for the
standard normal variate, randomly selecting n values from the table then i i
for every value of X, the original observations, replacing the ith smallest '
by the ith smallest of the n random values of the standard normal variate.
This transformation completely meets the normality requirements of the t
and F tests provided that the null hypothesis is true. In such cases, the
classical, parametric tests can be used in the usual way.
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The random normal scores tests has the disadvantage that the test
statistic depends not only on the ranks of the observations but also on the
particular set of normal deviates selected. This introduces additional
variation into the data. There has apparently been no study of the amount
of variation that different sets of random normal deviates introduce into
the test statistic. A further disadvantage of this test is that additional
effort is required to determine the values assigned to the ranked observa-
tions.

From the standpoint of efficiency , according to Conover (3) the A.R.E.
of this test is 1 when compared with the usual parametric tests in situa-
tions where the parametric test is appropriate. If the normality assump-
tions underlying the parametric test are not satisfied, then the A.R.E. of
this test is greater than 1. The A.R.E. of this test relative to the
signed rank test discussed previously is approximately the same when the
underlying distribution is close to normal. For non-normal distributions
the normal scores test is superior.

(2) The Expected Normal Scores Transformation

Fisher and Yates® suggested that when original observations were in
the form of ranks, the ranks might be replaced by appropriate expected
normal scores and the resulting data could then be analyzed by performing
conventional parametric tests such as the t test. The appropriate expected
normal score for an observation that received a rank from 1 to n, say i, is
the expected value of the observation having a rank of i in a random sample
of n observations from a normal distribution with zero means and unit
variance. '

Extensive tables of expected normal scores are provided by Harter (7).

#Fisher, R.A., and F, Yates, Statistical Tables for Biological,
Agricultural and Medical Research, 3rd Edition, New York, NY, Hafner

Publishing Company, 1949
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The test statistic is:

n
S = E E (1)
NR
i= i

where ENR represents the expected normal score of the observation with
i
rank 1.

S approaches a normal distribution for large values of n with a mean of
zero and a variance of approximately

(n/2)2 n

nln-1) (B )2 (8)

(3) The Inverse Normal Scores Transformation

Consider a random sample of n observations drawn from a continuous but
otherwise unspecified population of 2's. Let Z:L be the ith smallest
observation in the sample. Then the expected proportion of the population
that lies below Zi is 1/(n+l). This is also the expected proportion of a
standard normal distribution that lies below the ith smallest of n observa-
tions randomly drawn from it. The inverse normal scores transformation is
accomplished by entering a table of lower-tail cumulative probabilities of
the standard normal distribution, finding the value of the variate whose
cumulative probability is i/(n+l), and substituting that value for 21.
Thus one replaces the ith smallest of n sample observations with the
population quantile of which it would be an estimate if the sampled
population were standard normal. The advantage of the inverse normal
scores transformation over the expected normal scores transformation is
that it requires only the tables of the standard normal distribution which
are generally more extensive and more easily available than tables of

expected normal scores.

The test statistic is

V= Zad(n_i,;‘) (9)
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where O'l(z) denotes that number x for which @(x) = z. No tables of V have
been located. However it is known that V approaches a normal distribution
for large n with a mean of zero and a variance of approximately

S w e ar
T\_f':'\\'/—'o%— : .[¢ ‘(nLN)] (10)
L=t

The normal scores tests apparently have an A.R.E. of one or greater rela-
tive to the parametric t test, the exact value depending upon the underly-

ing population.

The direct applicability of these tests to the maintainability/reli-
ability demonstration problem has not yet been determined. It appears
that because of their high efficiencies and their immunity to the normality
assumptions required by the comparable parametric tests, these tests would
provide powerful alternatives to the present tests. Further study of these
tests and their applicability is certainly warranted.

E. Exponential Scores Test

The applicability of the exponential scores test to the one sample
reliability demonstration test has not yet been determined. The procedure
is related to the normal scores tests of the previous section but the
values substituted for the ranks are expected exponential scores obviating
the requirement for an underlying exponential distribution. Some modif-
ication to the test as described in Lehmann (12) and Hajek (6) may result
in an applicable nonparametric test for reliability. The test was designed
for the hypothesis: ’

HO: Oo = 01
. <
ﬂl : 00 01

when two independent random samples are tested for time to failure. The
classical test for these hypotheses rejects H b when
Y
E_J. 2
Zx,
To make the test less sensitive to the assumption of underlying exponential
distributions for X and Y the observations are replaced by their ranks
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which are in turn replaced by expected exponential scores, E [z{]. That
is, the ith smallest observation is given rank Ri and Ri receives a score
E[Z]whieh is the expected value of the ith smallest observation drawn from
an exponential distribution with 0 = 1.

The expected exponential acores are equal to

Z, bl
CTh TR n-~c+i

Tables for n< 120 are provided by Harter (7).

The test is then performed using the expected exponential scores in-
stead of the original observations.

An adaptation of this test to single sample situations designed to
demonstrate that 0 = 90 versus an appropriate alternative seems to be
feasible and would provide a nonparametric alternative to the tests des-
eribed in MIL-STD-T781B.

V Order Statistics

Several of the tests described in the previous section belong to a
general category of order statistics tests. That is, the actual values of
observations are replaced by scores assigned on the basis of the order or
rank of the observation. This class of tests based on order statistios
appears to have a significant potential for providing nonparametic alter-
natives to classical maintainability and reliability test procedures.

Ir Xl, eevey xn are n observations with cdf F, then if X(l) csense X(n)
denotes these observations arranged in ascending order of magnitude,
x(l), x(n) are the order statistics and x(i) is called the ith order

statistic.
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x(i) has a probability density given by

- h-~¢
n(:’::) Feo™ [-Fea] LH") (1)

Let Yi equal the probability to the left of the ith order statistic.
The probability density function of Y is

h(q::)fd-‘(l‘ﬂn-z (12)

(8

which is the probability density of the beta distribution with parameters
i and n-i+l.

When i and n grow large so that 0 <i/(n+l)< 1, Y, is approximately
normally distributed with

A
E(Y): —0 (13)
N . L(n-C+1)
Var(y.) (n+1)* (n+2) (14)

Order statistics have been used to find tolerance intervals, confid-
ence intervals on medians and other percentiles, and to test hypotheses
about medians and other percentiles. Further investigation of the prac-
tical application cf order statistics could lead to additional procedures
that might prove superior in power and efficiency to the nonparametric
tests described in Section IV of this report.

VI RECOMMENDATIONS

Certain of the following recommendations apply to the present tests
listed in MIL-STD-471A. The others are for continuation of the research
effort in those areas that appear to be particularly promising. With
respect to present maintainability and reliability demonstration tests:

(1) A nonparametric sequential probability ratio test is suggested in
Section IV as an alternative to test method #3 in MIL-STD-471A. The




sequential test should reduce the amount of sampling required to reach an
accept/reject decision. Such a test can be established to require some !
minimum amount of sampling before an accept/reject decision can be made.

(2) The Wilcoxon Signed Rank Test described in Section IV.C. should be
adopted as a nonparametric alternative to maintainability demonstration
tests where the parameter to be tested is a mean or median. This test
should compete extremely well with the classical tests particularly when
sample sizes are small.

Recommendations for continuing study center on the general area of
order statistics and particularly on that group of tests called Normal and
b Exponential Scores Tests. These types of tests should be studied to
determine their applicability to reliability (for the exponential) and
maintainability (for the normal) testing.

For those specific tests, determined to be applicable, including the
signed rank test recommended previously, additional effort should be made
to determine their relative efficiency with respect to the competing para-
metric tests at various levels of sampling.

Finally, and with lower priority, a more extensive survey of the non-
parametric area should be conducted to det;ermine if any other category or
categories of the tests have applicability to the maintainability/reli-
ablity test problem.
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ENVIRONMENTAL EFFECTS ON AFFECT AND PSYCHOMOTOR PERFORMANCE

by
L. W. Buckalew

ABSTRACT

Scientific and public information sources have suggested
or alluded to beneficial effects to humans of exposure to neg-
ative air ions. Claims include improved performance, reduced
anxiety and depression, increased attention level, and
enhanced physiological condition. While some evidence does
support some of these claims, the clarity, validity, and reli-
ability of findings are clouded by methodological problems of
control and a lack of standardization in treatment and equip-
ment, with particular problems in too narrow a spectrum of
response considerations. This study investigated the effects
of negative air ions, as produced by commercially available
air purification/negative ion generation instrumentation, on
a wide range of affective, cognitive, psychomotor, and physio-
logical measures. Dependent variables included anxiety, grip
magnitude, digit symbol coding, motor dexterity, reaction
time, tracking, pulse, blood pressure, and temperature. Two
groups of 12 subjects, similar in age, sex, education, and
physical condition, were subjected to either 6 continuous
hours of negative ion exposure or 'normal' ion exposure.
Repeated measures (0,3,6 hours) on each of 10 variakles were
obtained for each subject. MANOVA comparisons of each group's
change scores (0 vs 3, 0 vs 6, 3 vs 6 hour) revealed no sig-
nificant differences between groups, and consideration of
group differences on individual variables for both 0 vs 3 hour
and 0 vs 6 hour change reflected no significance for any vari-
able. It was concluded that the air ion condition resulting
from treatment with air purifiers/negative ion generators did

not produce any generalized effect or alteration of specific
affective, performance, or physiological measures.
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I. INTRODUCTION:

The public media and scientific literature have given
increasing attention to the possible physiological and psycho-
logical benefits of exposure to charged air ions. Histori-
cally, air ion research was formalized by experimentation in
Russian laboratories in 1933, and Germany experimented with
the use of negative ion generators in submarines during World

War II. Present popularization of air ion interest is largely
due to the publicity and claims made or implied by manufac-
turers of air cleaning devices which rely on the production of
negative air ions for efficacy. Such claims beyond the puri-
fication of air, fueled by public interests, have included
mood elevation, improved cognitive functioning, increased
attentional posture, reduced healing time and bacteria level,
and improved capacity for work endurance and efficiency.1'2'3
Federal agencies, such as the FDA and FTC, suggest a cautious
approach to accepting such claims, and have warned manufac-
turers of negative ion generators to exercise restraint in
implying or suggesting any supplemental benefits in excess of
air purification until such claims can be scientifically docu~
mented and replicated. Relative to Air Force interests, if
claims of improved cognitive, affective, physiological, and
performance capabilities were shown to be empirically based,
the scientific utilization of this source of negative air

ions might support and enhance the mission of the Air Force
and its personnel.

Air ions have been considered biologically active,4 with
the suggestion that concentrated research of their effects
might prove both practical and relevant to psychology.5'6'7'8
Comprehensive reviews and diacussion of air ion effects are
offered by several authors,4"'9 and the literature suggests
particular interest in the effects of negative air ions on
learning.s'lo'll'12 However, the relevance and validity of
air ion activity or effect on many behaviors has been ques-
tioned.‘s'l3 Little scientific evidences'13 is available which
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is specifically dedicated to determining the effects of charged
air ions on a range of basic human abilities and response
modes. Of particular interest to present considerations of
air ions are early studies conducted by the Air rorcel"15
which suggested that ionized air, both positive and negative,
had no effect on specific measures of attitude, vigilance, or
complex (cognitive) tasks which involved learning. }
Given the appreciable amount of air ion research, much
of which incorporates inconsistencies in findings suggesting a
* lack of replicability or reliability in effects, it is not A
presently justified to draw definitive conclusions as to the '
effects of air ions on human affect and performance. In par-
ticular, a recent review4 cited an uneven quality of reported
research, with specific reference to faulty experimental
design permitting the impact of environmental elements other
| than air ions on results attributed to ions. Particular con-
{ cern was voiced for the use of corona discharge ion generators
r ‘ which produce ozone and nitrogen oxides, temperature, and
humidity. Even recent, well controlled studiess, while sug-
' gesting that the ion content of air may exert an influence on
] human behavior, admit that much more work needs to be done on
the industrial application of findings and the mechanism by
which air ions exert their effects. What appears needed is a
study of solid experimental design which incorporates appro-
priate controls and uses a representative range of relevant
affective, cognitive, psychomotor, and physiological measures.
Ideally, and responsive to public interests and stated or
{ implied manufacturer claims, such a study should deliberately
use readily available and commercially produced air ion
generation devices.

A

. II. OBJECTIVES:

' An appreciable amount of negative ion research data is
E ‘ simply observational and/or inferred. Of existing empirical
%f ‘ evidence, some data are methodologically confounded. Further,
-
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few studies offer scientifically sound investigation of more
than a few variables, inclusive of previous Air Force research
efforts.l4'15 Also, accepting the possible effect of ionized

..air on specific indices of human performance, questions remain

as to‘iélationships between effects and longevity of exposure
and the amount of negative ions necessary for any effect.
Lastly, it would be desirable to investigate specific effects
of negative ion exposure on affective and performance indices
which are specifically relevant to Air Force interests and
which serve as substrate behaviors related to the overall work-
related efficiency of personnel.

It was the purpose of this study to determine the effects,
if any, of exposure, over time, to negatively ionized air on a
representative sample of affective, cognitive, performance,
and physiological measures. Inherent within this purpose was
the assurance of appropriate methodological controls so as to
support the elimination of learning, fatique, psychological,
and environmental variables as potential alternative explana-
tions for findings. This study was, by design, restricted to
consideration of commercially available ion generators which
typify air purification units commonly marketed.

This study sought to be responsive to the presence or
absence of a negative ion effect, to include the potential
relationship between any such effect and length of exposure
time. Methodological controls were instituted to protect
against the contaminating influence of mental or physical
fatigue, learning phenomena, individual differences, placebo
effects, and other environmental variables. To facilitate the
least restrictive opportunity for any ion effects, and respect-
ing the relevance and nature of variables selected for study,s'
16,17 a wide range of dependent variables was used, inclusive
of anxiety level, digit-symbol coding, body temperature,
blood pressure, pulse, grip magnitude, small parts dexterity,
reaction time, and tracking. The study sought to determine
any negative ion effect collectively or individually on these
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measures using subjects as their own controls as well as a
separate control group, and was designed to be responsive to
cumulative exposure effects.

While no specific hypotheses were stated, reflecting a
nonjudgmental stance on the possibilities of negative ion
effects and the exploratory nature of this study, data analysis
was conducted under a statistical format which provided maximum
opportunity for relaization of any effect, i.e. statistical
testing for individual variable response regardless of whether
any collective effect was manifested.

III. SUBJECTS:

Volunteer subjects were recruited through the media of
AFAMRL Information Letter, ASD Bulletin, and SRL Insider. Also,
bulletin board announcements soliciting volunteers were placed
in various building locations of Wright State University.
Recruitment efforts resulted in obtaining 24 volunteers who
met the requirements of male, between 20 and 30 years of age,
good physical condition, and non-smoker. Subjects were
informed of the general nature of the experiment and of the 7
hour confinement necessitated in their service. Subjects
volunteered for one of two different days of service. The mean
age of subjects was 22.8, with no significant difference in
age between groups. For each of the two groups, 1ll subjects
were paid civilians and 1 subject was military. All subjects
signed informed consent forms, though information was not pro-'
vided as to under which experimental condition they would
serve. They were simply informed that they may be serving in
a negative, positive, or uncharged environment condition.

IV. APPARATUS AND MATERIALS:

With the exception of the negative ion generators, all
equipment used was either available or produced by AMRL/HEG or
was loaned by Alabama A & M University. Two negative ion
generators (Air Care II) were obtained from DEV Industries of




Boulder, Colorado. Based on manufacturer literature and speci-
fications, each negative ion generator had an area of maximum
effectiveness extending in a radius of 8 feet, facilitating an
area of maximum coverage of approximately 200 square feet. The
test chamber encompassed approximately 400 square feet of area.
The generators produced only insignificant amounts of ozone due
to a multiple brush electrode system, as opposed to the con-
taminating amount of ozone potentially produced by corona dis-
charge systems. These generators, wg;ch.had—detachaBIé”Eeétl'
lights for validating ion ouEpuf;'ﬁere placed at table top
height, approximately 12 feet apart and in the center area of
the controlled environment test chamber.

The wide range and nature of dependent variables used in
this study necessitated appreciable instrumentation and mater-
ials. The Taylor Manifest Anxiety Scale (TMAS) was used to : 1
measure and record differences in anxiety level. The digit- i
symbol coding task from the Weschler Adult Intelligence Scale ?
served as a measure of cognitive/perceptual motor performance.
A hand dynamometer18 was used to measure grip magnitude. The
Crawford Small Parts Dexterity Test (Psychological Corporation),
simple visual reaction time apparatus (Lafayette Instruments)
with a chronometer calibrated in 100ths of a second (Lafayette
Instruments) and a programmed tracking apparatus with an 11
inch diagonal video screen (Keyser Video) served as measures
of perceptual motor performance. A standard sphygmomanometer,
stethoscope, and thermometers were used, respectively, to mea-
sure systolic and diastolic blood pressure, pulse rate, and
temperature.

The test environment chamber was located in Building 33,
Wright-Patterson AFB, and was a vault of approximately 400
square feet lined with plasterboard walls. The chamber had no
windows and was electronically monitored for temperature by a
self-contained system which activated or deactivated based on i
a preset temperature level. The facility contained padded
wood chairs for all subjects and two large conference tables.
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Cards, magazines, newspapers, and a variety of games were
provided subjects for their entertainment between testing ses-
sions of the 7 hour confinement. Additionally, subjects were
allowed to bring work or reading material with them, and were
informed to bring any food or nonalcoholic beverages they
desired, as the experimental confinement included a dinner
hour.

V. METHOD AND PROCEDURE:

As all subjects met the criteria specified for participa-
tion, the two groups could be considered matched on variables
of education, sex, age, physical condition, and smoking habit.
The physiological measures of temperature, blood pressure, and
pulse rate confirmed good physical health claims. Also, while
subjects could volunteer for a specific day (Thursday, July 2

~or Saturday, July 1ll1), some were shifted from one day (group)

to the other to insure equality of group size. Hence, a
degree of randomness was present. All subjects reported for
gservice at 1 PM and served until 8 PM, and all civilian sub-
jects (11 per group) were paid $35 for their service. Military
persons (1 per group) were unpaid but provided letters of
appreciation sent to their superiors. While subjects were told
the possible general effects of negative and positive ions,
they were also told that the study had three conditions (nega-
tive, positive, or neutral) of exposure and that the condition
under which they would serve was unknown. At Appendix A is
the consent form addendum which explained possible conditions
and effects which might be anticipated. None of the research
personnel were aware of the condition operating for either
group (negative or neutral). Hence, the study was conducted
under a double blind condition, and only after data analysis
had begun was it made known as to what condition was operable
for a given group.

On the assigned day and time, subjects entered the test
chamber and were allowed to leave only to use nearby bathroom




facilities. Prior to arrival of subjects or experimenters, a
non-involved individual instituted the appropriate experimental
condition. Ion generators were set up two hours in advance of
subject arrival, with indicators of operation masked, to
include visual access to the wall electrical socket. The ion
generators used had no moving parts and made no noise or vibra-
tion during operation.
After signing consent forms, subjects were assigned code
numbers under which all data was collected to insure anonymity.
» With the exception of the anxiety and coding measures, subjects
were tested individually and were not allowed any information
about their performance until all data from both groups had
been collected. The same order of subject testing was main-
tained during all three testing sessions (0, 3, 6 hours), and
the sequence of tasks was standardized both within and between
groups. This sequence was: grip magnitude, motor dexterity,
reaction time, tracking, anxiety, coding, temperature, pulse,

r and blood pressure. During the time subjects were not being
tested, they were allowed to socialize with other subjects,
participate in the games provided, read the materials provided,
or otherwise use their free time. The total testing time for

R

each subject was approximately 45 minutes.

For each task, subjects were read printed instructions
and given an opportunity to ask questions. At Appendix B are
the specific instructions given for each task which serve to
operationally define that task. In summary, grip magnitude
was presented as a single trial concerted effort to evidence
maximum strength. The motor dexterity task required that as
many pegs as possible be placed in holes using tweezers. Sub-
jects were allowed 30 seconds of time for this effort, though
not informed of this time restraint. Reaction time presented

- a white light stimulus to be responded to as quickly as pos~
sible, with a randomized 1 to 5 second foreperiod warning for
each of 10 announced trials, and only trials 3 through 8 were
used to calculate a mean RT to eliminate warm-up and end spurt

oo AL




19 For the tracking task, subjects were ask to hold a

effects.
horizontally moving dot on a stationary dot or to minimize
deviation from this dot. An announced tracking time of 45
seconds was allowed, and the number of times the moving dot was
allowed to leave the screen was recorded as control losses.

For both the reaction time and tracking tasks, on the first
test session (0 hour), subjects were allowed 1 practice trial.
For the anxiety measure, subjects were given the TMAS and
allowed to complete it on an untimed basis as a group, though
they were cautioned not to discuss any item or response with
any other subject. The group-administered coding task was a

90 second timed effort. All physiological measures were indi-
vidually obtained using a conventional procedure, as appropri-
ate, for each measure.

All subjects of each group were tested beginning immedi-
ately after admission to the environmental chamber. This data
baseline constituted the 0 hour measures. Repeated measures
(test sessions) were obtained with the third and sixth hour of
service. Due to the physical arrangement of data collection
stations, it was possible to test two subjects at the same
time though on different tasks. The last subject tested in
any of the three test sessions had, at most, approximately one
hour more of exposure time than did the first subject tested.
However, as the same subject order was used for all test ses-
sions, this exposure effect was standardized. While learning,
fatigue, boredom, general environment, and confinement were
free to influence any subject/task, both groups (negative and
control) had systematically similar treatments and opportuni-
ties. This experimental situation made it possible to compare
directly groups for any measure, as the only difference between
groups was that of air ion condition. Further, this design
allowed the direct comparison of changes within groups over
time, collectively or for specific variables. Hence, the
repeated measures, matched/randomized groups experimental
design allowed consideration of within (time) and between
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(ion condition) group comparisons, statistical equalizing of
groups to compensate for any preexisting differences, and sta-
tistical considerations of groups in terms of change scores.

VI. RESULTS:

Each subject of each group was measured 3 times on each
of 10 variables. For each group, performance means were com-
puted on each variable for each of the testing sessions. The
resulting descriptive statistics for the control and negative

ion groups are presented in Tables 1 and 2.
> For each testing session, the two groups were compared in
terms of the amount of change, i.e. 0 vs 3 hours, 0 vs 6 hours,
and 3 vs 6 hours, collectively over all 10 variables. This
comparative data is presented in Table 3. To accomplish this
comparison, which collectively considers dependent variables,
the BMD 12V computer program for MANOVA was applied to the
{ data. This program automatically accounts for relationships
(covariances) between variables and yields an approximate F
_ r statistic for the amount of change within groups compared to
the amount of change differences between groups. The result-
ing comparison for differential amount of change from hour 0
to hour 3 was F = .336, df = 10,13, and p >».05. For the simi-
lar comparison of change from hour 0 to hour 6, F = 1.483,
df = 10,13, and p ».05. For the comparison considering change
differences from hour 3 to hour 6, F = .769, df = 10,13, and
P ».05. These nonsignificant MANOVA findings indicate no
differences between groups, corrected for covariation of
variablesg, regardless of length of exposure when copsidering
all variables collectively. There was no general effect of
negative ion exposure.
Given these findings, and assuming that longer exposure
times would be most likely to facilitate any effect of negative
- g ion exposure, groups were compared in terms of performance

change from hour 0 to hour 6 on individual variables. Table 4
reflects this comparison. It may be seen that there were no

LS B8
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significant differences between groups on any of the 10 vari-
ables individually considered. While significant changes
within groups were found for variables of anxiety, coding,
motor dexterity, pulse rate, and temperature, no differences

H between groups in the amount of change was found for any of

‘ the 10 variables. Similar statistical consideration of the
hour 0 ve hour 3 data indicated significant changes within
groups on anxiety, coding, pulse rate, and temperature measures,
but no significant differences between groups in the amount of
change for any of the 10 variables. Regardless of length of
exposure, there was no differential effect of negative ions on

any variable.

h TABLE 1

Group Means on Measured Variables for the Control Condition

r Variable 0 Hour 3 Hour 6 Hour
Anxiety 14.5 13.0 13.3
Coding 60.1 67.2 70.9
Reaction Time . 205 .213 .208
Tracking 23.8 23.1 26.8 7
Grip Magnitude 603.3 592.5 555.0
Motor Dexterity 6.6 6.8 . 7.9
Pulse Rate 64.8 61.0 61.3
Temperature 98.7 97.8 97.7
Systolic Pressure 118 114 119
Diastolic Pressure 72 73 69 ﬁ
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TABLE 2

Group Means on Measured Variables for the Negative Condition

Variable 0 Hour 3 Hour 6 Hour
Anxiety 11.1 9.8 9.0
Coding 55.1 61.3 €2.7
Reaction Time .222 .216 .222
Tracking 21.3 22.9 20.6
Grip Magnitude 600.8 609.2 605.8
Motor Dexterity 7.3 8.4 8.8
Pulse Rate 61.3 56.3 54.7
Temperature 97.9 97.4 97.2
Systolic Pressure 112 108 114
Diastolic Pressure 63 62 67
TABLE 3

Mean Change on Variables for Control and Negative Conditions

Variable Group| Hour 0 vs 3| Hour 0 vs 6| Hour 3 vs 6
. c -1.50 -1.25 .25
Anxiety N -1.25 -2.08 -.83
. C 7.08 10.83 3.75
Coding N 6.25 7.58 2.17
Reaction Time g -'ggg -:ggg -:ggg
C - .75 2.92 5.83
Tracking N 1.58 - .75 -2.33
Grip Magnitude g -lg'g -42'8 :3;‘5
Motor Dexterity g 1'33 i.gg l'gg
C -3.83 -3.50 .33
Pulse Rate N -5.00 -6.67 -1.67
Temperature g : '23 : '23 : .gg
Systolic Pressure S - 2'3 i'g g.g
. . C .8 - 3.2 - 4.0
Diastolic Pressure N - 1.5 3.6 5.1
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TABLE 4

Analysis of Negative Ion Exposure Effects

on Individual Variables

Variables Mean Change (0vs6) Mean Squares ACOVA
Control Negative] Within |Between F
Anxiety -1.250 ~2.083 5.871 4.167 .710
Coding 10.833 7.583 31.845| 63.375 1.990
Reaction Time -.002 -.000 .001 .000 .030
Tracking 2,917 -.750 }329.961} 80.664 . 245
Grip Magnitude -48.333 5.000 [5721.19| 17066.63 2.983
Motor Dexterity 1.333 1.500 5.076 .167 .033
Pulse Rate -3.500 ~6.667 67.076 ] 60.167 .897
Temperature -.983 -.617 .942 . 807 . 857
Systolic Pressure 1.167 1.833 |219.242 2.664 .012
Diastolic Pressure -3.167 3.583 |109.117}273.375 2.505

VII. DISCUSSION AND CONCLUSIONS:

Results indicated no generalized effect, collectively con-
sidering the 10 variables measured, of the negative ion expo-
sure condition when using a 'normal' environment control condi-

tion as a standard of comparison.

This finding was evidenced

in the 0 vs 3 hour, 0 vs 6 hour, and 3 vs 6 hour between group

comparisons.

When ANACOVA was applied to test for negative
ion effects on individual variables for both the 0 vs 3 hour and

0 vs 6 hour situations, no single variable was shown to differ-
It must be
noted that the application of ANACOVA to this data of change
scores automatically adjusted for potential contamination of
data by any covariate, such as learning, fatigue, boredom, con-

entially respond to the negative ion treatment.

finement, or other environmental influence.

Indeed, the only

variables even remotely suggesting any differential influence

were diastolic blood pressure and grip magnitude.
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Previous evidence8 from a well controlled study indicated

a highly significant increase in performance in a negative ion
exposed group for mirror drawing, rotary pursuit, and reaction
time tasks. However, a significant interaction between group
and time of day was also found, suggesting that this effect was
related to time of day. There was no attempt reported to
standardize testing times and task sequences, and there is the
possibility that these tasks were influenced by a covariate.
Further, a corona discharge ionizer was used which has been
criticized4 due to the ozone and nitrogen oxides it produces
which may act as influences on performance. Other studies“'l5
which sought to determine ion effects under carefully controlled
conditions reported no differences between control and negative
ion groups on a complex mental task and several indices of
vigilance.

Results of the present study are in agreement with some
earlier findingsl4'15 and contradiction to others.8 This situ-
ation is typical of the current status of air ion research on
humans, with few if any clearcut answers. Pervasive problems
of lack of standardized ion-generating equipment, different
exposure lengths and ion concentrations, lack of directly com-
parable measures, and potentially inadequate monitoring of ion
levels continue to exist and detract from the comparability of
different studies. Also, there are some differences between
studies in what constituted a control condition, i.e. a bal-~
anced ion environment or a slightly positive environment which
typifies modern energy-efficient buildings. Until such time
as these methodological inconsistencies and problems are
resolved, this research area is likely to remain confused.

Based on data from the present study, the conclusion of
no generalized negative ion effect is warranted. Considering
between group comparisons of individual variables following 6
hours of exposure (Table 4), no measure was found responsive
to negative ion treatment, a finding also reflected in similar
analysis of the 3 hour exposure data. As previously noted,
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only the grip magnitude and diastolic blood pressure measures
were even remotely responsive to negative ion treatment. It

is of speculative note that, given the serotonin hypothesis of
ion action4 which has been gaining support,s's'a'zo’21 these
measures might be more likely affected than those of cognitive
or psychomotor natures. However, were serotonin clearly active
in this studv, systolic blood pressure, pulse rate, and body
temperature measures should have been at least equally influ-
enced. Reference to Table 4 does not support this phenomenon.

Irrespective of effect substrates or mediation, present
results clearly support the conclusion that exposure of up to
six hours in a negative ion charged environment, using commer-
cially available ion generators such as marketed for air puri-
fication in the manner prescribed by the manufacturer:

1) does not alter affect (anxiety),

2) does not alter low level cognitive functioning
(coding),

3) does not alter basic psychomotor performance
(motor dexterity, tracking),

4) does not alter vigilance/attention (reaction time),

5) does not alter the basic physiological condition
of the organism (grip magnitude, pulse, tempera-
ture, blood pressure).

The findings and conclusions of this study must be weighed
in terms of inherent reservations and limitations, mostly
methodological, imposed on and by conduct of this research. It
As important to respect that these limitations essentially only
apply to the generalization of findings, and are not suggested
as jeopardizing the validity of specific conclusions presented.

This study deliberately used negative ion generators
which were commercially available and marketed as air cleaning
devices. Hence, statements about negative ion effects must be
limited to ion concentrations typical of these devices, used
in the manner prescribed by the manufacturer. Further, while
the negative ion production of these generators was validated,
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no systematic attempt was made to periodically sample the ion
content of the test chamber air during the study. Also, the
test chamber did contain some exposed metal instrumentation,
unrelated to the research, and a powerful battery used as part
of a security system. These pieces of equipment may have
altered the concentration of negative ions. Further, the ion
condition of air in the test chamber was not checked or moni-
tored for the control condition. This condition sought to
replicate the 'normal' ion condition, thought to be slightly
positive, of an energy-efficient enclosure. While no specific
consideration was given individual differences in circadian
rhythm, the hours of service were the same for all subjects
and measures were obtained from both groups at the same times
during service. Lastly, though of incidental nature, there
was the possibility that two subjects in the control group
learned of their group identity due to the box hiding the wall
socket becoming loose from the wall late in the experiment.
This situation was unknown to the experimenters and apparently
to other subjects, as a non-involved monitor noted the condi-
tion and restored the damage. While subjective, and respect-
ing the blind experimenter condition, it was felt that sub-
jects who, it was later learned, served as the negative ion
exposure group seemed more sociable and interactive than did
control condition subjects.
VIII. RECOMMENDATIONS:

Results of this study lend no support to the suggestion
that this level and length of negative ion exposure enhances

emotional state, physiological condition, cognitive ability,
or perceptual motor performance. Given stated reservations
and limitations on findings, any decision to purchase or
install similar ion genérators in buildings for any reason
other than air purification is not warranted. While evidence
does exist suggesting the beneficial influence of negative ion
exposure, it must be regarded in light of the confusion in
consulting different authorities and sources precipitated by
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methodological differences and the incomparability of efforts.
Data of the present study clearly support a 'no effect' hypoth-
esis of negative ion action, both collectively and for individ-
ual variables. Present data offer no support (note F values
very close to unity in Table 4) for the biological or psycho-
logical action of conventional air ion generator treatment.
There remain several possibilities for future research

considerations. As shown, measures of human condition and per-
formance may not be responsive to the levels of negative ions

’ produced by air cleaning types of ion generators. There
remains the possibility of ion effects in higher concentration
exposure conditions. However, any attempt to study the sys-
tematic increase of negative ion concentration must be cogni-
zant of and responsive to possible side effects. This is par-
ticularly relevant when recognizing that the entire neural sys-

tem of the body operates on an electrical substrate, and even
the skin is differentially responsive to electrical conductivity.
r The serotonin hypothesis of air ion action appears to have
appreciable support, at least to the point that negative ion
exposure can decrease brain serotonin levels. Serotonin has
been shown to be related to affect, sleep, and physiological
condition. It would seem potentially informative to determine
the variability in brain serotonin concentration in response
to systematic variations of negative ion concentrations in the
environment. Additionally, and related, a well controlled
study of negative ion effects on bacteria and healing time
might prove valuable, as claims or suggestions of a decrease
in both have been made or alluded to in the public media and
scientific literature.
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APPENDIX A
Consent Form Addendum
You are invited to participate in a study entitled Environmen-
k tal Effects on Affect and Psychomotor Performance. In this
' study, we intend to investigate the effects of negative, posi-
tive, and neutrally charged environments.

If you decide to participate, you will be asked to spend up to
6 hours in a room which will be charged either with negative ‘
* ions, positive ions, or will have no charge at all. A nega- %
tive ion environment is similar to that felt after a thunder-
storm or near a waterfall. You may experience a feeling of
well being, an elevated mood, improved cognitive functioning
and attention, and increased work capacity and efficiency.

A positive ion environment is felt in centrally heated build-
ings in the wintertime. Here, one may experience reduced

ir alertness, increased irritability and anxiety, and diminished
4 : work capability.

T ‘During the 7 hour period, you will be asked to undergo various
tests and measurements, such as: a) tracking a target on a
television screen, b) a measure of your reaction time, c) mov-
ing and placing pegs on a pegboard, d) answering a true and
false test, e) solving a series of codes, f) measuring your

-

maximum hand grip, g} blood pressure, h) temperature, i)
pulse, and j) EMG.

You will be asked to bring your own food you expect to eat dur-
ing the period. We hope to have various leisure activities
such as card games, reading material, and the like to help

occupy your time when actual measurements are not being taken.
Since this will amount to about 6 hours, you may bring your own
reading material or office work. You will be asked to partici-
pate for one day for up to 7 hours: 6 hours in the room plus
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up to one hour preliminary and post exposure measurements. You
will not be told which environment you will be exposed to until
after completion of the entire study. Your confidentiality as
a participant will be protected. Your name will not be
revealed without your permission. Statistical data collected
during this study may be published in scientific literature
without identifying the subjects.

Your decision not to participate will not prejudice your future
relations with the Air Force Aerospace Medical Research Labora-
tory. If you decide to participate, you are free to withdraw
your consent and to discontinue participation at any time with-
out prejudice. If you have any questions, we expect you to ask
us. If you have any additional questions later, Louis Buckalew
or Capt George Wolf (255-2558) will be happy to answer them.

You will be given a copy of this form to keep.

Date Initials




APPENDIX B
Task Instructions
TMAS: You have been given a psychological instrument designed

to find out how you feel. There are no right or wrong answers
or trick questions on this test, and there is no time limit.
As your responses will be confidential, please be open and
honest in responding to each item.

In the upper left hand corner of your paper, please enter your
assigned code number. In the upper right hand corner, please
enter trial number _. You are to respond to each item in terms
of how true or false it is of you. Simply enter either a "T"

or "F" on each blank provided, depending on whether the state-
ment is true or false of you. Again, please be open and honest »
in responding. You may take as much time as you need. 4

CODING: This is a coding task designed to find how quickly
and accurately you can work. Each of you should have a coding

sheet and pen or pencil. Please enter your assigned code number
in the space provided at the top left of this sheet. At the
top right, please enter on the trial blank the number _.

You will notice a series of boxes across the top of your sheet.
Each box contains a number, 1 through 9, and the code symbols
to be matched with each number. Your task is to enter in the
small box below each number the correct code symbol for that
number. This is a timed task which you will likely not finish,
but you should work as quickly and rapidly as possible.

GRIP MAGNITUDE: This piece of equipment is a hand dynamometer. ' i
It measures the strength of your grip. You should grasp the

two handles with your preferred hand, and get as comfortable {
a grip as possible. You may wish to remove any rings from this
hand. After getting a good grip, squeeze the handles as hard

as you can. Your arm may be placed however it is comfortable
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for you. Go ahead and get a good grip. Squeeze as hard as you
can, and release your grip when you have applied maximum

pressure.

MOTOR DEXTERITY: In front of you is a test of perceptual motor
dexterity or ability. This test is a measure of how rapidly

you can place each of the pegs in the holes provided. However,
you may not use your fingers to accomplish this task. You must

use the tweezers to remove each peg from the upper right con-
tainment area and place it in a hole. You will be timed for
your performance, so work as quickly and carefully as possible.
If you should drop a peg, do not retrieve it. Simply get
another from the containment area. Remember to work as care-
fully and quickly as you can.

REACTION TIME: This task measures the length of time it takes
for you to respond to a visual stimulus. Your job is to press
the large flat button marked "response" as soon as possible
after the white light comes on. You should use a finger of
your preferred hand, and you may rest it on the response button.
I will let you know about when the light will come on by say-
ing "ready."” Then, within five seconds, the white light will
come on. Only the white light will be used. The time it takes
you to respond to this light is recorded, and this is your

reaction time.

You will be given one practice trial to make sure you under-
stand the task. (lst test session only)

Now, you will have 10 trials. Try to do your best.

TRACKING: There are two pieces of equipment in front of you.
One is a small television screen which operates much like a

video game. In the middle of the screen is a small, lighted
stationary square called the target. There is another small,
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lighted square moving horizontally across the screen. You will
be able to control this moving square by manipulating, either
to the left or right, the lever or "stick" in front of you.
Your task is to try and keep the moving square on top of or as
close to as possible the target square.

g To get the feel of the "stick," you may have some practice
time. (lst test session only)

You will now be allowed 45 seconds of tracking time. Do your
best, and try to keep the moving square on target.
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THERMAL ANALYSIS
OFA
ROCKET ENGINE ALTITUDE TEST FACILITY DIFFUSER

by
Gale H. Buzzard
ABSTRACT

Simulated altitude testing of a rocket engine places a severe thermal
load upon whatever device is used to contain the rocket engine exhaust
plume and maintain the simulating low pressure. Analysis of the problem is
considerahly complicated for the complex two phase exhaust flow resulting
from the combustion of high energy, metallized solid propellants. Such a
propellant exhausts large quantities of very energetic solid particles.
The thermal load imposed as these particles impinge upon the contaimment of
the exhaust plume is capable of exceeding that of the convective load from
the plume. One means of containing the exhaust plume under these
conditions is a water cooled diffuser. Models for the heat loads on such a
diffuser are discussed and recommendations are made for implementing a
computationals capable of predicting the maximm wall and coolant
temperatures under test conditions.
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I. INTRODUCTION

In the testing of a space motor under simulated altitude conditions,
it is necessary to contain the motor within a low pressure facility and
provide for the containment and removal of the exhaust plume. In the case
of the Air Force Rocket Propulsion Laboratory's altitude test facility 1-
42, the containment of the exhaust plume is accomplished by means of a
water cooled diffuser which is evacuated by three large steam ejectors.

The thermal load on the diffuser can be quite large dependent upon the
type engine and the duration of the burn. Faced with the need to test
larger and more energetic motors, it became apparent to the Laboratory that
there was a need for a quantitative engineering model that could be used in
assessing the thermal load that a given test would place upon the diffuser
of this facility.

Avproximatelv one vear ago, the decision was made to initiate a
thermal analysis of the diffuser which would culminate in a computer code
capable of predicting the maximum temperatures imposed upon the coolant
water and the diffuser wall. The scope of the problem is vastly
complicated by the requirement to test high energy, metallized solid
propellants. These propellants result in a two phase exhaust plume
containing large quantities of metallic oxide in solid particulate form.
These solid particles possess large quantities of kinetic and thermal
energy and impinge upon the diffuser wall in concentrated areas. This
impingement heat load is capable of being greater than the convective heat
load from the plume. The complex two phase flow within the diffuser and
the largely unknown interaction between the particulate debris layer and
the wall make this a very significant problem of thermal and fluid
mechanics, one for which detailed modeling has as yet not been
accomplished.

A significant inroad into the problem had heen made by Trout and McCay
(1) as of the time of my arrival, and I was asked to review what had been
accomplished and to make further refinements in the thermal modeling of the
oprohlem.

1T OBJRACTIVES
The principal objective of this project was to review and refine the
thermal code that had been implemented by Trout. The gas side fluid
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mechanics of the problem is handled by several standard codes and therefore
the objectives of this investigation were directed at the modeling of the
diffuser wall heat transfer and the handling of the interaction between the
particles and the wall. The potential heat load from impingement is quite
serious and the radiant load from the particles is small but not
negligible.

The original ohiectives of the project were to run the code in its
nreliminarv form as delivered by Trout and to use experimental data in
coniunction with what is known about debris layers to formulate a simple
model of the particle impingement heat load. Unfortunately, a delay in the
delivery of one of the standard codes and the lack of experimental data
precluded this. What follows is a recommendation as to a second generation
code for this problem. The expectation is that a follow on effort will
implement this code and attack the original problem of particle
impingement.

II1I. STATBMENT OF THE PROBLEM

Shown in Figure 1 is a schematic of the diffuser. The inlet section
has a uniform diameter of 55 inches and is 30 inches long. Following the
inlet section is a uniformly convergent section 47.5 inches long followed
by an exit section with a uniform diameter of 45 inches. The overall
length of the diffuser is 380 inches. The diffuser is fabricated from 1/4
inch mild carbon steel with an immer wall that contains the rocket engine
nhime and an outer wall that serves as a containment for the water jacket.
The water iacket is pressurized and comprised of three parallel helical
channels, each of which is 5 inches wide and 1.5 inches high. These
channels are formed by 1.5 inch diameter rods that were wrapped around the
inner wall during the course of fabrication.

The heat load upon the diffuser wall is comprised of the convective
load from the hot gases, the thermal and kinetic energy of the particles
impinging upon the wall, and the radiation flux from the particles and
gases comprising the flowfield. In performing the thermal analysis of the
diffuser wall, the particulate data necessary for evaluating these terms
is available from standardized codes. Formulating a successful model for
the interaction between the impinging particles and the diffuser wall
remains the most significant obstacle within the overall problem. The gas
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and particle properties at the exit plane of the rocket engine nozzle are
supplied by SPP, the AFRPL Solid Performance Program (2). The two phase
flowfield within the diffuser is supplied by SPF, the JANNAF Standardized
Plume Flowfield Model (3,4). The gas side heat transfer coefficient is
determined using TBL, the Inter-agency Chemical Rocket Propulsion Group
Turbulent Boundary Layer Code (5).

The diffuser wall temperature must obey the unsteady heat equatiom.
Trout and McCay cast their model in axisymmetrical coordinates. The
computer code implemented by Trout is a very expensive code to rum,
requiring twentvy minutes of computer time on the AFRPL (N 6600 to model a
4n second motor hurn. This twenty minute run time is exclusive of the
ronghlvy 10 minutes required to rim the verivheral codes. Considering the
geometrv of the diffuser wall, it seems wasteful not to take advantage of
the simplicity of modeling the conduction in two dimensional cartesian
coordinates and use

2 2
8T+3T pC 3T

TR (1)

ax? 3y? k ot

where x will be taken axially and y will be taken radially. Trout and
McCay simplify their model by assuming the temperature gradient to be
negligible in the radial direction. BExamination of the water side film
coefficients which will run between 1500 and 3000 B/hr-ft2-F and the
reciprocal of the thermal resistance of the 1/4 inch steel wall which will
run approximately 1500 B/hr-ft2-F will show that this simplification is
not justified in the light of temperature differentials across the water
side boundary layer which are typically between 100 to 200 F deg. The need
to include a two dimensional model for conduction within the diffuser wall
dictates either streamlining the model wherever possible or incurring
incredihle rm times on the code. The model implemented by Trout included
axial conduction along the outer wall of the water jacket and assumed the
outer surface of this outer wall to he adiabatic. There is no heat load on
this outer wall and it seems quite reasonable to assume that it will float
very close to the water temperature. It is proposed to delete this
conduction path and to assume that the outer wall is an adiabatic surface.




The water jacket temperature is assumed to obey a one dimensional
transient model with negligible axial conduction and satisfy the following
energy equation

3T 2r7Rh = _‘?_I_ (2)
U * W(T'Twan) 3T :

where 11 is the axial velocity of the coolant, R is the outer radius of the
inner wall of the diffuser, p is the mass density of the water, C is the
specific heat of the water, and A is the axial cross sectional flow area of
the water jacket. The water side film coefficient, h, is evaluated using
the following temperature compensated correlation presented by Marks (6)

h' = 160(1 + 0.006(T ;) - T,))V*/5pr-1/5 )

where D' is the hydraulic diameter of the rectangular channel (4 times the
flow area divided by the wetted perimeter), Ty is the average bulk
temperature of the coolant, and V is the coolant velocity. This value of
the film coefficient is modified by the following empirical expression
which compensates for the curvature of the channel

h=h'(1+ S.S(D'/DC)) (4)

where N: is twice the radius of curvature of the chamnel.

Solution of equation (1) and (2) hy finite difference techniques is a
verv straightforward procedure. The necessary equations for handling
these equations and the boundary conditions on the diffuser wall will be
set up in SECTION V.

IV. PARTICLE RELATED HEAT FLUXES
Radiation

The radiation flux from the gas borne particles to the diffuser wall
is a relatively minor but not neglible flux which may account for
approximately five percent of the total load upon the diffuser wall. To
handle this flux in a rigorous manner would present a very difficult
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problem. Trout and McCay present a rather simplistic but adequate model
which will he used here. They assume the flow to be transparent to the
radiation and that all radiation originating within a cross sectional
element of length dz falls wmon the nerinheral area 2w R dz associated with
the element. This is admittedly an overly simplistic model but it is
reasonahle and does concentrate the radiant load in the proximity of the
greatest radiation source. Assuming an emissivity of ¢ for the particles
and that all radiation incident upon the diffuser is either absorbed or
reflected and then absorbed, the radiant flux per unit may be approximated
by

R
troe (* Mo}
" . r dr (s
i Pg )

where Ti, o i, and ri are the temperature, particle cloud density, and
particle radius of particle group i, ¢ g is the mass density of the
particle, and o is the Stefan-Boltzman constant. This assumes that the
solid particles fall into several groups of uniform diameter particles and
equation (5) must be summed over this series of particle groups.

Particle Tmpingement

Trout and Mclav nresent a relatively simple model that appears to be a
reasonable startine point. They model the particle as carrying thermal
energv relative to the diffuser wall temperature in the amount Cp(Tp -
Twall), axial kinetic energy in the amount U% /2, and radial kinetic energy
in the amount of V2 /2, and radial kinetic energy in the amount of V2 /2.
Each of these termd is multiplied by the mass flux of particles impinging
upon the diffuser wall and the accomodation coefficient Cp, Gy, or C, which
accounts for the manner in which the particle interacts with the wall and
partitions its energy. Written on an energy flux density basis, this gives
rise to the following expression.

Ump = p¥p(Cp(Tp - Tymyq) + cuug /2 + CvV,z, /2) (6)

V. NUMERICAL ANALYSIS
Figure 2 shows the finite difference grid system that is proposed for
use in solving for the temperature distribution within the wall of the
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diffuser and within the water jacket. Bquation (1) may be formulated in
several different fashions. A totally exvlicit formulation approximates
the spatial derivatives with central Aifference representations evaluated
at time t and approximates the temporal derivative with a forward
difference renresentation. This gives rise to

2Tm.n + Tm-f_l,n Tm.n-] - Z_Tm.n + Tm.n-ﬂ mn  m,n N

(ax)2 (ay)? «pt

TM‘] .n -

where *“ is the thermal diffusivity of the diffuser wall and the
superscript + indicates temperature evaluated at time Tt + Ar .
Bquation (7) may be solved for Th.n and rewritten as

’

T;,n = (Ta,n-1 + Ta, ne1 * cZTlll-l,n + 12Tge1,n
+ M- (22 22T M (8)

where M = (Av)2/«At and L = A y/Ax. 1In this form, the temperatures at
time ¢ + At mav he solved for one by one in terms of a known temperature
distribution existing at time tr . This abparent simplicity is often
necated hv the fact that eaquation f8) will be unstahle imless M is greater
than or equal to 2(1 + r 2). This in turn puts an upper bound onAT .
Assuming Ax = 1.0 inches, Ay = 0.0625 inches, and for mild carbon steel
« = 1.9 x 10-4 ftZ/sec, this will require that A T be 71 msec or less.
This is the critera for stability. It may be necessary to use an even
smaller A T in order to obtain a convergent solution. The model
implemented by Trout is an explicit formulation, uses a nominal time step
of 0.005 seconds and requires large amounts of computer time.

One may use a totally implicit formulation which employs a central
difference representation for the spatial derivatives evaluated at time
T+ A 1t and a backward difference representation for the temporal
derivative. This gives rise to the following formulation.

2r*

m+l,n

T = 2
m’n (T;l)n'l + T;’n+1 + C T;'l’n * c

*MTan)/(2+ 2,2 +M (g

.,
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Solving for the temperature distribution at time v + At now requires the
solution of a large set of simultaneous equations but the implicit
formulation is known to he stahle for all At . This set of equations
lends itself to solution by a Gauss-Siedel iteration and may very well be a
faster solution than the explicit formulation. The only restriction
placed upon At is that it be small enough to give convergence.

Probably the most desirable approach is to use a Crank-Nicholson
formulation. In this case, the spatial derivatives are evaluated as an
average of the central differences taken at time T and the central
differences taken at time v + 1A . It is then academic to argue whether
the temporal derivative is a forward or backward form. This method is
known to be stable for all sizes of time step and is very plausible from
the point of view that the conduction terms are approximated at the
midpoint of the time step. The Crank-Nicholson method gives rise to the
following equation.

™ = (7 2t
mn T mnet * Tt 2 Moy n * Thean) * Taynel * Taned (a0
47 CTotn + Trea,n) + (M - 200 + ¢ DTy p)/(2M + 201 + ¢ 2)

with no stability requirement.

In arriving at a formulation for node m,1 it is convenient to forsake
the mathematical elegance of finite difference forms and to perform a heat
balance on the element. Note that in terms of thermal capacity, node m,1
is only one-half an element. " Done in explicit fashion this takes the
following form

kdy kAy
P AX(TAWy - Tm,1) + 5 (Tm-1,1 = Tm,1) * 355 (Twe1,1 - T,1)
kax
+ —A_y- (Tm’z - Tm’l) + QPTp AX(TPm - Tm’l) + QPIp Ax

pCAxAy
+ QPRyA x = v (Tl;,l - Tm,l) (11)

where h is the gas side film coefficient, TAW is the adiabatic wall

temmerature of the gas, OPT is the thermal impingement flux coefficient,
OPT is the inertial impingement heat flux nmer umit length and OPR is the
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radiant heat flux per unit length. Bquation (11) may be rewritten as
follows

Tp,1 = (2Tn,2 + 2N TNy + t2(Ty-1,1 + Te1,1) + 2QPTp Ay TPy
+ 2(QPIy + QPRp)AY + (M - (2 + 272 + 2N + 2QPTp AY) )Ty, 1)M  (12)

where N = hypaA y/k. The stability criteria for the explicit form demands
that the coefficient of Tp,] be greater than or equal to zero. For the
same assumed data as for equation (8) plus an estimated gas side film
coefficient of 0.005 B/sec-ft2-F and QPTy, of 0.06 B/sec-ft2-F, M must be
greater than or equal to 2.09 and At must be less than or ‘equal to 68
msec. Mere again a Crank-Nicholson formulation could be used and there
would he no limitation placed upon A T by stability.

NoAde m,J. can be handled in a similar fashion to node m,1 and will give
rise to the following formulation

Tm,L = (2Tm,L-1 + 2N TGy + ¢ Z(Tp-1,L + Tme1,L)
+ (M- 2(1 + 5 2+ N)Tp,LIM (13)

where TC is the coolant temperature and N = hpAy/k is based on the water
side film coefficient. For the same data assumed earlier and an estimated
water side film coefficient of 1.0 B/sec-ft2-F, M must be greater than or
equal to 2.633 and A T must be less than or equal to 54 msec. Here again
one may wish to use a Crank-Nicholson formulation and avoid the
restrictions imposed by stability.

Bquation (2) may be formulated in an explicit fashion to give the
following formulation

TC* = (T PUAC ( . ' . '

m = (M, + ——— (Ty.1 - TCpe1) + (M' - DITCYIM (14)
41rR|'1|“Ax

where M' = o CA/2 tRhy A t. Stability will demand that M’ be greater than
or equal to wmitv. Typicallv hy may run as large as 1.0 B/sec-ft2-F and
the formulation will be stable for A + 1less than or equal to B seconds.
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This is not restrictive and there is no advantage to an implicit
formulation for this equation.

VI. RECOMMENDATIONS

It is recommended that as an initial step the explicit formulations
set forth in SBCTION V be implemented and their efficiency be explored. If
an acceptable run time can be realized within the context of an explicit
formulation, the simplicity of the explicit form has much to recommend it.
Several aspects of the problem itself may be helpful. The stability
criteria of 54 msec on A T is not prohibitive, and the very nature of the
nroblem does not demand a totallv convergent solution. As a means of
nredicting veak temperatures within the diffuser, if the solution is out of
register hy half a second timewise it is of little consequence. Also, the
results predicted by Trout's model indicate that all but the coolant
temperature has reached steady state conditions within 5 seconds so that
one is almost looking for a steady state rather than a transient solution.

If it is impossible to set up an explicit formulation with a
reasonable run time, then the problem should be programmed using Crank-
Nicholson formulations on all but the water jacket nodes. The resulting
set of equations should be solved using a Gauss-Seidel iteration and as
large a step time wise as will give reasonable convergence.

A third possibility exists that is very intriguing and should not be
overlooked. If the above Crank-Nicholson method is used and if the
diffuser wall is broken into elements with Ax = 1 inch and A y = 0.0625
inches, one will be faced with solving 1900 simultaneous equations at each
step of the integration. This is possible with a Gauss-Seidel iteration,
but it is a sizeahle task. For this problem the temperature gradients in
the radial dirvection are mich greater than those in the axial direction and
the thermal resistances are much greater in the axial direction than in the
radial direction. Tn short, it is reasonahle to exvect the axial
conduction to he less than one vercent of the total heat flux. As such it
may be possible to ignore the axial conduction terms. If so, one is faced
with the fairly simple task of solving 380 sets of 5 equations each. If
the water jacket nodes were set up in implicit form they would couple these
380 sets, but if they are set up in explicit form then the 380 sets are
uncoupled and readily solved.
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Once this part of the model is on firm ground the model must be
compared with experimental data and an effort made to better understand the
behavior of the particles as they interact with the wall. Hopefully, a
combined theoretical and experimental approach to this problem can be used
to refine the accomodation coefficients and yield a useful engineering
tool.
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REHOSTING THE ADVANCED INSTRUCTIONAL SYSTEM

by
David A. Carlson

ABSTRACT

This report investigates a number of issues involving the rehosting
of a computer-based instructional system from its present hardware
configuration to a more affordable one. Specifically, four alternative
approaches to the rehosting effort are analyzed in terms of their cost-
effectiveness, and the problems that will occur in the transformation
of the system's database are discussed. The report offers a set of
general guidelines to be followed during the rehosting effort along

with suggestions of areas where further study is required.
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1. Introduction.

The Advanced Instructional System (AIS) is a computer- based
instructional system currently operational at Lowry Air Force Base,
Colorado. It was developed as part of a large scale effort by the Air
Force Training Command to improve technical training efficiency through
the use of computer technology. At the present time, an effort is
underway to rehost the system on a modern, "state-of-the- art" computer,
with the goal being to provide a functionally equivalent system that
other service branches interested in computer-based instruction can
afford to purchase. This report outlines a set of alternatives for
performing the rehosting effort, and also addresses specific problems
associated with transporting the system's database to a different
computer installation.

The AIS, as implemented at Lowry AFB, provides individualized,
self-paced instruction of four technical training courses to
approximately 2500 students simultaneously. The primary means by which
these services are provided is computer-managed instruction (CMI), in
which the computer prescribes instructional packages to students based
on both past and predicted performances. In this mode of instruction,
the computer handles much of the administrative overhead associated with
a course, such as keeping detailed records of student performance and
resource availability, while the student's instructional activities are
done largely without computer interaction. The AIS also provides a
facility for computer- assisted instruction (CAI), in which the student
is able to take selected lessons interactively, obtaining responses
directly from the computer.

A Control Data Corporation CYBER 73-16 is currently being used to
host the AIS. This machine supports a set of software programs and a

database of course and student related information that are used to
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control a student's progress through a computer-based instructional
sequence, Most of the software is written in the CAMIL programming
language, which was developed to support both CMI and CAI applications.
Students access the system primarily in a remote fashion, submitting
forms for evaluation and obtaining instructional prescriptions as
responses. However, interactive use of the system is available for CAI
purposes.

The effort to rehost the AIS is motivated by the fact that the
current hardware configuration is very expensive to purchase and
maintain, which prohibits other organizations desiring a computer-based
instructional system from obtaining AIS in its present state. Thus,
after selection of a powerful but fairly inexpensive computer system
(the choice now seems to be leaning towards Digital's VAX 11/780 as a
target machine), the AIS will be transported to the new machine. This
will involve translating present portions of the software from the CAMIL
language into a programming language supported by the target machine
(most likely DOD's ADA language), and transforming the database from its
present format into a format that allows access by the target machine's
operating system.

Rehosting the AIS is a non-trivial task, and this report attempts to
isolate problems that will arise during the process, pose different
methods for solving these problems, and give an analysis of the
approaches suggested. The focal point of the report deals with the AIS
database, since it is assumed that converting CAMIL source language
programs to ADA (or another language) can be accomplished using standard
techniques. Alternative approaches that can be taken in the rehosting
effort as a whole are also discussed and evaluated, and suggestions are

given as to whether different components of the system should be
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redesigned, kept as is, or discarded.

2. Dbjectives.
The main objective of this project was to investigate the problems

associated with rehosting the AIS. Rather than attempting to study the

system in great detail, the project concentrated on providing a set of

general guidelines for the rehosting effort. More specifically, the

project's objectives were:

(1) To present alternative approaches to the rehosting effort, providing
an analysis of the advantages and disadvantages of each approach.

(2) To identify and pose solutions to problems associated with
transforming the AIS database from its present format to a format

compatible with the system's new hardware enviromment.

3. The Rehosting Effort In General.

In this section, four alternatives to rehosting the AIS are proposed
and analyzed. To provide the necessary background, we begin with a
description of the system as it is presently configured.

3.1. Detailed Description of the AIS.

The hardware environment of the AIS consists of a Control Data
Corporation CYBER T73-16 central processor connected to a network of
plasma display terminals and intelligent student management terminals.
The display terminals are used interactively for maintenance of the
system's database, software development, course and instructional
materials development, and CAI applications. Student management
terminals (optical forms reader, printer, Digital PDP 11/05) are the
means by which students submit information to and receive prescriptions
from the central processor when taking lessons in a computer-managed

instructional mode.
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The software subsystem supported under this hardware configuration
is made up of six different components: (1) Computer Assisted/Managed
Instruction Language (CAMIL) component; (2) Information Management
component; (3) Time- Sharing Operating System component; (4) Student
Evaluation and Adaptive Model component; (S5) Applications Programs
component; and (6) CAI component. The CAMIL programming language was
developed to support both CMI and CAI capabilities for the AIS. It is a
high-level, general purpose programming language that has been used to
write a large portion of the AIS software, including the adaptive model
and CAI support software. The Information Management component provides
access to the AIS database and consists of a file manager facility along
with a set of editors for maintaining database files. The Time-Sharing
Operating System component is a modification of the CDC Scope operating
system that allows interactive access to AIS resources.

Student progress through an AIS course is monitored by the Student
Evaluation and Adaptive Model component. It includes procedures for
course registration, test scoring, and prediction of future performance.
It also maintains detailed records of student, resource, and course
related data on the system database, Coordination of most student
activity makes it a major component of the AIS. The Applications
Programs component is a set of programs that (1) assemble reports for
the purpose of evaluating the degree of difficulty of tests and course
segments, and (2) provide an on-line monitor of system performance. The
CAI component consists of an editor for wuse in authoring lessons
intended for CAI presentation, a program that presents such lessons
interactively to the student (records of performance are maintained on
the system database), and programs for generating reports detailing

student performance in CAI lessons.




Before discussing alternative approaches to the rehosting effort, an
evaluation of the present AIS should be made in order to identify
features of the system that are or are not candidates for
transformation. Obviously, both the Information Management and
Time-Sharing Operating System components need not be converted in the
rehosting effort, since it is assumed that the operating system
available on the target machine will offer a time- sharing environment
along with extensive file management capabilities. These file
management capabilities should include at a minimum a choice of file
organizations (to be discussed further in Section 4) and a powerful
editing facility for maintaining system software (possibly useful for
text processing also). One of the benefits to be derived under this new
arrangement is the elimination of the segregation that currently exists
between the AIS and other activities supported on the host CYBER.

It is also assumed that the CAMIL component of the AIS will be
replaced with an enviromment enabling the creation and modification of
software using a programming language such as ADA or PASCAL. This will
be an improvement over the present programming support environment since
it will undoubtedly offer better debugging aids (probably interactive in
nature), more efficient compilation of source program code, more
efficient execution of compiler generated code (at the machine level vs.
the interpretive mode now used to execute most CAMIL programs), and
elimination of CAMIL's reliance on machine dependent features. Perhaps
the biggest benefit of converting AIS software to ADA or PASCAL will be
the ease of performing future rehosting efforts. Whereas CAMIL is
available only under the present AIS configuration, PASCAL is available
on many different computer systems with only slight variations between
versions, and it is anticipated that a standard version of ADA will
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become available on most modern computers. This eliminates the need of
developing a compiler for a new target machine, which would be required
if the CAMIL language were to be retained.

The features of the AIS that are unique, and thus must be
transported in some form, are the portions of the system that provide
instructional services to students: the Student Evaluation and Adaptive
Model, Applications Programs, and CAI components. The desired
capabilities of the rehosted AIS must be considered before these
components are converted so that new capabilities (if wanted) can be
realized by redesigning the proper component. Through this process, it
may be possible to learn from mistakes made in the initial AIS design,
thus creating substantial improvements in the services that the AIS
system currently provides. For example, it may be desirable (or be
deemed a requirement) to convert the system into one in which CAI plays
much more dominant role and is better integrated with the CMI component.
These are decisions that depend largely on what course is to be taken in
the rehosting effort, and will be discussed in the presentation of
alternative approaches. Appendix A contains an evaluation of the AIS in
its present state, with examples of both good and bad features.

3.2. Alternative Approaches to the Rehosting Effort.

At this point, we present a number of different ways in which
rehosting the AIS can be done. The alternatives range from a simple
conversion of necessary features to a major redesign of the system. An
attempt is made to evaluate each approach in terms of costs, advantages
and disadvantages, degree of difficulty, and probability of success,
3.2.1. Alternative 1: A Simple Conversion.

The AIS can be rehosted with a minimum of effort by simply

translating the appropriate AIS software components (see Section 3.1)
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from CAMIL source code into ADA {or any other programming language
deemed suitable) and reformatting the system database to be compatible
with the target machine's operating system. The translation process
could be done using automatic means, which would require the development
of a source-to-source translator program. Problems involving the
software subsystem's dependence on hardware features would have to be
reconciled during this process, with perhaps the best solution being to
move these hardware dependencies away from the AIS into the target
machine's compiler and operating system. A similar problem is that the
CAMIL language provides access to system-wide global variables, which
among other things, encouraged the design of programs that provide
certain users a "privileged" execution mode. Issues involving the
system database can be resolved using methods discussed in Section 4,
This approach to the rehosting effort would require no redesign of
existing software programs; they would simply be transported to the
target machine after their translation, and would retain their original
control structures. The AIS would provide much of the same capabilities
and interfaces to users after the conversion as before. The advantages
to this alternative are that it is both time and cost effective. The
AIS could be rehosted in a short period of time with a minimal
expenditure of capital; both factors dependent primarily on the
development of a translator program. The disadvantage is that the
converted AIS will still contain many of the faults of the original
system, and new system capabilities, if desired, would not be provided.
The faults of the AIS in its present state lie mainly in the design
of its software. Existing software was not designed in a modular
fashion, perhaps due partially to the restriction on segment and
procedure size in CAMIL (see Appendix A for further explanation). Thus,
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it is hard to maintain AIS software, and even harder for uninitiated
programmers to understand it (this was discovered by painful
experience!). Also, there seems to be a large number of programs that
perform essentially the same task that could be combined into a smaller
set of more general purpose programs. For example, a different editor
exists for maintaining each individual file of the system database.
These faults would not be corrected if a "quick-and -dirty" rehosting
effort were to be performed, and their existence in the converted AIS
may cause considerable dissappointment in procurers of the system.,

3.2.2. Alternative 2: Redesigning System Software.

A significant improvement can be made in the quality of the AIS
system by redesigning the software that is to be rehosted. This would
involve rewriting AIS programs so that they are modular and
well=-structured, machine independent (relying on target machine provided
packages for machine dependent features such as input and output), and
general purpose in nature. For most AIS programs, this could be
achieved without altering the basic control structure of the program,
but for some, a radical redesigh may be necessary. The main philosophy
behind this activity should be to create an equivalent (performs the
same function) but improved version of the original program.

The benefits to be derived from this approach include ease of
maintenance throughout the system's lifetime, flexibility in changing
system capabilities through ease of reprogramming, and a reduction in
system size and apparent complexity as viewed by users. There would be
considerable amount of effort required to rewrite the necessary AIS
programs, but in comparison to alternative 1, a translator program would
not have to be developed, which may make the two approaches similar in
time and cost efficiency. Assuming that the two methods require about
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the same amount of overhead to implement, alternative 2 should be the
approach taken due to the improved quality of the resulting system.

3.2.3. Alternative 3: Redesigning System Capabilities.

Rehosting the AIS provides an opportunity to implement changes in
the system's capabilities, since it would be more cost effective to make
any desired changes during the rehosting effort rather than at a later
date. Such a redesign could be made in order to correct flaws present
in the existing AIS, or to incorporate new requirements made by future
users of the system. For example, although CAI is available, the AIS in T
its present state is primarily a CMI based system. This could be
interpreted as a design flaw, or a requirement could be made to provide
a richer CAI enviromment in the converted system (perhaps allowing
students to take entire courses in a CAI mode ). Also, the AIS

currently collects an enormous amount of data for report generation.

Some of this data may be repetitious or rarely used, in which case it
could be eliminated from the system database.

The author of this report is not an expert on computer- based
instructional strategies; thus, no recommendations are given here as to
what AIS capabilities should be modified. However, the rehosting effort
does provide a means of implementing such changes, eventhough the
overhead may be high (a significant redesign of system software and
database organization may be required, depending on the changes to be
made). Therefore, the recommendation made here is to identify
candidates for redesign (AIS weaknesses, new capabilities desired by
future users) before the rehosting effort is begun. Then, decisions on

whether to implement these modifications can be made in terms of a

benefit vs. cost tradeoff curve.




3.2.4, Alternative 4: A Major Redesign.

A major redesign of the AIS would be necessary only if it were to be
determined that the present system provides very few of the services
required of the rehosted system. For example, future users may demand a
total CAI enviromment with a natural language dialogue between the
computer and the student. Such requirements would warrant an almost
complete redesign of all aspects of the AIS, which would be very costly
in terms of time and capital. Because of the high overhead involved,
this alternative is not recommended. In the author's opinion, the AIS,
although it may be lacking in some respects, provides a reasonable
alternative to computer-based instruction. The rehosting effort can
result in an improved version of the AIS if the proper steps are taken,
but a major redesign is not necessary in order to realize this goal.
3.3. Summary.

In sumary, the AIS rehosting effort can be performed in a number of
different ways, all of which have their advantages and disadvantages.
The factors influencing the choice of an alternative are its associated
costs and the characteristics of the resulting system, with the cost of
rehosting being roughly proportional to the improvements made in the
AIS. The conversion process should be approached by first determining
how the revised system should be reconfigured; taking into account
suggestions made by potential users, an evaluation of the strengths and
weaknesses of the existing AIS, and the feasibility of making any
desired modifications. This should result in some form of documentation
describing the planned configuration of the rehosted system. Such a
design-driven approach would provide a close match between user wants
and actual system capabilities, and would also provide a strict set of
guidelines for implementing the revised AIS system. Then, the rehosting

effort can be carried out, with its goal being to produce the system
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defined by the above procedure.

4, AIS Database Issues.

As mentioned earlier, the AIS rehosting effort involves translating
selected portions of the software subsystem from CAMIL to another
programming language, and transforming the system database from its
present format into one compatible with the target machine's operating
system. This section concentrates on the latter conversion process by
outlining solutions to the problems that can be expected to arise when
AIS database files are transported from one environment to another.
Three problem areas are discussed in detail: (1) converting character
data residing in AIS files, (2) the machine dependent layout of records
in AIS files, and (3) selecting file organizations for the new
enviromment. Suggestions are also made concerning space efficiencies in
the AIS database that can be achieved during the conversion process.
Appendix A outlines AIS database features, and Appendix B sketchs the
present structure of the AIS database.

4.1. Converting Character Oriented Data.

Character data in the AIS is represented by a 12 bit code designed
to reflect the 1large number of keypresses available on the plasma
display terminal used to gain interactive access to the system. It is
expected that the target machine will store information in the standard
ASCII code, so that character data residing in AIS database files will
have to be converted into the ASCII code in order to allow
transportation to the target machine. This conversion procedure should
not be difficult to implement, and is not discussed here. However, it
should be noted th§t' character. conversion need only be done for a

2

rehosted AIS that "teaches" the same courses currently in use. If new

courses are to be developed for instruction under a rehosted AIS system,




then course and student related information will be created upon system
initialization instead of being converted from already existing data.
4.2. Record Formats.

AIS database files contain records that store information about a
single entity, such as a particular student or a version of a course,
The data structures representing these records were designed to hold as
much information in as little space as possible (the CAMIL language has
facility for creating a "packed" recora), and to be compatible with the
storage word size of the CYBER, which is 60 bits per word. Both of
these factors must be taken into account when the database is
transported to a new machine. The ADA language allows the programmer
explicit control over the layout and storage size of the data fields of
record data structure. In PASCAL, packed records can be specified in a
program, with the compiler allocating storage as Zensely as possible.
Thus, a packed record format can be preserved during the rehosting
effort.

The fact that many of the data fields of an AIS record data
structure are aligned so as to occupy 60 bit words will cause problems
in converting the database, since the storage word size of the target
machine will most 1likely be either 16 or 32 bits per word. The
difference between a 32 bit and a 60 bit word would cause the data
fields of a record to cross word boundaries instead of being properly
aligned in the rehosted system. It would then be more inefficient to
access the data in a record. For example, there may be data fields
occupying two words (due to misalignment) that could be contained in one
word, so that access to the data field may require two memory references
instead of one. Also, storage inefficiencies may result due to a data

field crossing a word boundary, because of the tendency to align the
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next data field on the following word, which leaves a gap of unused
storage between the data fields.

In order to alleviate the problems associated with an AIS record's
dependence on 60 bit word size, it is recommended that all record data
structures be rewritten in the target language so that either data
fields are aligned with 32 bit word boundaries or no dependence on a
particular hardware architecture remains. Such a change will only
affect the portion of an AIS program where variables and data structures
are defined and declared, since executable code accesses data fields
through a field specification name, with the record's structure being
hidden. Eliminating machine dependence would make future rehosting
efforts easier, but may lead to increased storage requirements in the
resulting system because of the inability to pack data as densely as
possible.

An example of converting an AIS record is shown in Figure 1. Three
data structure definitions are given for a record contained in the AIS
Resource Type Descriptor file. The first is the record's definition in
CAMIL as it now exists on the AIS, The second is a machine independent
version written in ADA, and the third is an ADA representation
specification written for a 32 bit architecture. This example shows
that, through the use of the ADA programming language, a machine
independent template for a record data structure can be created, and
different layouts for the same record can then be specified for
different machine architectures. The actual data residing in these
structures would either be created upon initialization of the rehosted

AIS, or would be transported using the methods for character data

conversion outlined in Section 4.1.




4.3. Converting to a New File Organization.

In its present format, the AIS database is made up primarily of
files having an indexed sequential organization. This type of file
organization provides access to records in either a random or sequential
mode. Each record is accessed through the use of an associated key,
which forms one of the data fields of the record. Fast access to a
randomly specified record is implemented through the use of an auxiliary
set of tables, which store in order, key values paired with a database
address of either another table or the corresponding record. The
auxiliary tables can be searched for a key value much faster than the
entire collection of records, and the use of such tables narrows the
range of records that are searched in an average access operation.
Figure 2 shows an example of an indexed sequential file organization.

An indexed sequential organization is a powerful method for gaining
access to the data in a file, and as such, will probably be supported
under the target machine's operating system. For example, the VMS
operating system of Digital's VAX 11/780 supports indexed sequential
files, and while the present definition of the ADA programming language
does not provide input-output facilities for this type of organization,
it is expected that software packages providing such facilities will
allow programs written in ADA to access indexed sequential files,
However, the target machine's operating system may not support an
indexed sequential organization, in which case an alternative file
organization must be found for all AIS files currently organized in such
manner. Even if an indexed sequential organization is available, it may
be desirable to convert certain AIS files to a different organization in
order to gain more efficient access to the records in the file and

eliminate the space associated with index tables.
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Sequential and relative file organizations are currently supported
by most computer operating systems. In a sequential organization, all
records up to the total number in the file are always present (deletions
are prohibited), read operations occur in a sequential manner (one after
the other), and additions can be made only at the end of the file. A
relatively organized file consists of a sequence of fixed length cells,
each of which may or may not contain a record. Records can be accessed
randomly by specifying their position within the file (the primary
reason for using a relative organization), unused cells can accept newly
created records, and records can be deleted from any cell in the file.
Figure 3 shows, in general, a relative file organization.

If an indexed sequential file organization is not made available by
the target machine's operating system, a relative organization should be
chosen for files whose records are accessed randomly by AIS software
components, so that random access to records in these files is preserved
in the revised system. The difference between a relative and an indexed
sequential organization lies in the keys used to access a record: in an
indexed sequential file the key is actually part of the record and must
be found in order to access the record's other data fields, whereas in a
relatively organized file, the key is simply the record's position in
the file. Converting a file from an indexed sequential to a relative
organization involves either changing the file's key structure or
somehow simuiating an indexed sequential organization with a relative
one. The former approach changes a file user's view of the database,
while the 1latter approach requires significant overhead to implement,
and both can provide more efficient access to the data within a file if

implemented properly. The following two subsections discuss how these

two approaches can be implemented, along with their advantages and




disadvantages.

4.3.1. Changing a File's Key Structure.

The key associated with a record of an indexed sequential file is
usually a unique identifier for that record; for example, the AIS
Student Data Profile (SDP) file uses a student's social security number
as a record's key. If such a file is converted to a relative
organization, it would not be wise to let the same key values refer to
positions within the file. In the context of the above example, if
social security numbers were to refer to a record's position in a file,
as many as one billion storage cells (the total number of possible ssns)
would be contained in the file, with very few actually being occupied
for a typical AIS configuration of about 2500 students. A solution to
this problem is to redefine the key used to access records in the file.
Continuing the given example, a student could be assigned a unique
number as he/she enters the AIS, which would serve as the student's key
value throughout his/her 1lifetime on the system. The range of
assignable numbers should be chosen to reflect the maximum enrcllment in
AIS courses (in order to provide enough, but not too much space), and
each number would refer to a position within the SDP file. The system
could easily keep track of available numbers, since they correspond to
empty records in a relative file organization.

The advantage of this approach to file organization conversion is
that it requires very 1little overhead to implement, and can provide
significant improvements in efficiency. Faster access to the records in
a file would be possible since the search process in a relative
organization involves only a calculation based on a given position in
the 1iie (versus searching a set of index tables in an indexed

sequential organization). Also, the space associated with the index
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tables (possibly quite large) is not required by such an organization,
The target machine's operating system would provide all the procedures
necessary for processing a relatively organized file (presumably also
available in any supported language). All that has to be done to
convert a file is to change calls to file access procedures contained in
AIS software programs. The file's original key can be deleted (which
saves space), or it can be retained as an additional data field.

In many cases, the file's new key is just as natural a way to refer
to individual records as the original key was. However, it may be
difficult for users of certain files to adapt to refering to records by
their positions. For instance, AIS files containing course related
information have an associated key consisting of the course number and
optionally the course version, block number, and lesson number. Users
familiar with this type of protocol may have trouble adapting to a
positional scheme, since in their thought processes, a course segment is
represented by the original key wvalue. In this situation, if file
organization conversion must be performed, it may be worthwhile to try
to preserve the original key structure during the conversion process,
This is the topic of the next subsection.

4.3.2. Preserving a File's Key Structure.

Converting a file from an indexed sequential to a relative
organization can be accomplished by simulating the properties of an
indexed sequential file within the context of a relative organization,
The ability to search for a record given its associated (non-positional)
key must be compensated for, since it is not provided by a relative
organization, This requires developing a search algorithm and
organizing the data within the file to make the search algorithm as
efficient as po;sible.
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An indexed sequential file organization allows fairly efficient
access to the records in a file based on their associated keys, since it
sharply reduces the size of the subfile to be searched. However, for
large files, the search process can require a number of comparisons
before the desired key is located. The efficiency of the search process
required in such an organization can be significantly improved by
employing a method referred to as hashing. At the heart of this method
is a function that converts a key drawn from a large range of values
into an integer within a limited range. Under ideal conditions, no two
keys will "hash"™ to the same integer value, so that this integer value
can be interpreted as the associated record!'s position within a
relatively organized file. However, since the range of possible keys is
much larger than the range of integers, it is impossible to guarantee
that no two keys will have the same hash value. Such a situation is
called a hash collision and must be resolved when it occurs, since it is
obvious that two records cannot occupy the same position within a file,
A hash function should minimize the number of collisions and spread
records uniformly throughout a file. In support of this, it is
desirable to have a file size larger than the expected number of
records, so as to lessen the likelihood of collisions,

The simplest way to resolve hash collisions is called linear
probing, and operates by placing the conflicting record in the next
available position in the file. Linear probing is an example of a more
general method of resolving collisions called rehashing, in which a
second hash function successively accepts and produces an integer file
position until an available position is found. Another approach to
collision resolution is called chaining, and involves maintaining a

linked 1list of all records whose keys have the same hash value. An
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array of header nodes called buckets is used, where bucket[i] points to
the 1list of all records whose keys hash to the integer i. This method
is illustrated in Figure 4.

Rehashing may not be an adequate way of dealing with hash collisions
when the number of records grows beyond the range of the hash function
(which is the file size). When this occurs, a record cannot be inserted
into the file unless the file size is increased and hash values of the
keys of all records in the file are recomputed using a new hash function
with a 1larger range. Deleting records from such a file can also cause
problems, since subsequent searches for records that collided with the
deleted one may run afoul. Chaining offers solutions to these problems
at the expense of the extra space required for the buckets and pointers
in the the linked lists. Chaining can also employ a hash function more
limited in range than rehashing, since it is not catastrophic if the
number of records grows beyond the range of the hash function (certain
linked 1lists will just grow longer). However, when the lists become
overly long, the purpose of hashing (direct calculation of a record's
position based on its key value) is defeated, and search efficiency is
decreased.,

While hashing does provide an efficient way to simulate an indexed
sequential file, it must be emphasized that a significant amount of
effort is required to implement the necessary software. To reduce
development costs, if such an implementation is needed, it should take
the form of a geherai purpose softiware package (ADA ﬁrovides a facility
for this type of software design), which can then be adapted to provide
record access by key value for a specific file.

Summarizing Section 4.3, in order to gain efficiency or compensate

for the lack of an indexed sequential organization, files presently
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organized in this manner can be converted to a relative organization,
with random access preserved. The conversion process can be done most
easily by redefining the key structure of a file so that the new key
refers to a position within the file. This essentially eliminates the
search process and index tables required by an indexed sequential
organization. Access to records in the file is thus much more
efficient, and a modest savings in space can be achieved. Gains in
space efficiency are dependent on the amount of variation in record
size, since an indexed sequential organization allows truly variable
length records, while a relative organization does not (record length
may be variable, but the size of the cells they are stored in is not).

When the definition of a new key is unnatural to use, and conversion
to a relative organization is deemed necessary (indexed sequential not
available or efficiency desired), the ability to search for a record
based on its key value can be preserved by using hashing techniques.
Such an implementation is the most efficient general- purpose method of
providing this service. Hashing allows much faster access to the
records in a file as long as file size remains proportional to the range
of the hash function. Index tables are replaced with hash tables, and
again, variations in record length influence any possible gains in space
efficiency, since a relative organization does not allow variable length
records.

It should be noted here that there may be situation specific methods
of implementing a search function more efficiently than hashing., For
example, consider a file containing course related information whose
records are accessed by a key specifying the course and version numbers.
A position can easily be calculated from the above key by the formula:

(course num. - 1)#(max., num. versions) + (version num.). This provides

!
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access to records via a key value without the added overhead of a search
operation, but may be somewhat space inefficient if most courses have
only a few versions (records must be defined for all possible versions
if the formula is to produce a relative position). The above example
points out the fact that decisions regarding how and when to convert an
indexed sequential file to a relative file organization should be made
based on a file's individual characteristics. Such a decision should be
influenced by the ease of implementation, the ease of access to the
resulting file's records, and the possible gains in both access time and
space efficiency.

4.4, Restructuringg;nformation in the Database.

As discussed in Section 3, the rehosting effort provides an
opportunity to make significant changes in the characteristics of the
AIS. This statement also holds true for the structure of the AIS
database. Such changes are, in large part, dependent on changes made to
either software components or high level characteristics of the AIS.
For example, if it is determined that a number of the data collection
programs are not necessary, then the corresponding data fields contained
within AIS files can be eliminated, possibly providing a sizeable
reduction in space requirements,

The AIS database can also be restructured in various ways that leave
it functionally the same, but provide better efficiency in terms of
space., A notable example concerns the regression equation data fields
contained within every module record of the AIS Lesson file. Regression
equations are used to predict a student's performance within a lesson
module, and it seems reasonable that a standard set of regression
equations could be developed to reflect the conditions imposed by

different lesson enviromments. A separate file of regression equations
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H could then be created, and the data field within the module record could

be replaced by an index to the appropriate record in the regression
equation file. Since there are a large number of module records in the
Lesson file, and assuming the number of regression equations could be
reduced to a small set, a significant savings in space could be
achieved. This example is explained in more detail in Appendix A along
with other ways of restructuring the AIS database. In order to identify ¢
further possible reductions in space, a more detailed study of the AIS
database and its interaction with AIS software components than that
conducted by the author should be made.

Restructuring the AIS database during the rehosting effort involves
an effort parallel to that required in redesigning the system, First of
all, the needs of potential users, an evaluation of database strengths
L and weaknesses, and the costs of making any desired changes should be
r combined to form a blueprint of how the database should be restructured,
Then, worthwhile modifications to the database can be implemented in
conjunction with other AIS modifications,

5. Recommendations.

Rehosting the Advanced Instructional System represents an attempt to
provide an affordable computer-based instructional system to other
service branches. It also provides an opportunity to make significant
3 improvements in the current system's characteristics. This report has
outlined a number of different ways to carry out the rehosting effort,
along with more specific details concerning problems to be encountered

- during transformation of the AIS database.

; vhile implementation of any of the alternatives discussed earlier in
{ . Section 3 will produce a system functionally equivalent to the AIS in

f 4 its present state, it should be emphasized that the proper approach to
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the rehosting effort is to first determine and document the capabilities
of the revised system before any implementation work is done. This
design process should take into account input from potential users of
the revised AIS, an evaluation of how AIS can be improved upon, and the
costs associated with changing system capabilities; and it should result
in documentation describing in detail the future configuration of the
system after rehosting is completed, The benefits of this approach are
that a system will be developed closely matching the expectations of
potential users, and implementation of the rehosting effort can proceed
according to a well-defined set of guidelines.

In the author's opinion, the rehosting effort should at least
include an attempt to rewrite AIS software components in a
well-structured, machine independent form., This would allow for easier
maintenance of the revised system, and would also make it easier to
implement extensions of system capabilities at a later date.
Maintenance and extensibility should be important considerations in the
rehosting effort, since such work will have to be performed throughout
the lifetime of the new AIS,

Problems concerning the transformation of the AIS database also
should be solved before implementaiion begins in order to present a
clear picture of database access protocols to potential users, The
major problem to be addressed is how to maintain random access to a
file's records based on an associated key if more efficient access to
the file's records is required or a file organization providing this
facility is not available in the target envirorment. There are other
topics concerning the AIS database that should be investigated in more
detail before the rehosting effort is begun., There is a large amount of

data presently stored in the database, and it should be determined
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exactly what data the AIS requires and uses frequently. It would also
be worthwhile to study alternative ways of organizing the database that
have special properties such as more efficient data access or more
powerful queries of statistical information. For example, it may be
possible to organize the database using a relational scheme, which
allows the user to make a wide range of queries concerning the data in
the database.

In conclusion, if approached properly, the AIS rehosting effort will #
result in a computer-based instructional system with many desirable
properties that is adaptable to a large number of instructional
situations., The approach to take is to first determine the capabilities

of the revised system, and then implement these capabilities in the

target computer system environment. 1
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Appendix A: AIS Features.

This appendix outlines meaningful features of the AIS software
components and the AIS database. Examples are given of good features
that should be preserved in the rehosting effort, and of bad features
that should not be carried over to the revised system.

AIS Software.
Good Features:

1. Computer-Aided Support Software (CASS) Editor.
The CASS Editor provides a convenient and time-saving way of
creating and maintaining course related material on the AIS.

2. CAI Presentation Program.
The CAI Presentation Program is fairly modular in nature,
containing two major loops for processing objectives within a
lesson and frames within an objective. It also interfaces with the
Adaptive Model software component to obtain prescriptions when a
student has finished a CAI lesson. Combined with the CASS Editor,
it forms a convenient way for personnel having little experience
with computer programming to create and present instructional
materials in a CAI mode.

3. CMI Instructional Strategy.
The Adaptive Model component has the ability to prescribe
instructional strategies based on a student's past and predicted

performances.

4, Library Procedures.
Library procedures can be defined and accessed in the CAMIL
language component, which is a step towards modularity and machine
independence. For example, many CAMIL programs access
system-defined 1libraries to obtain definitions for common data
types. Libraries should be used to provide access to commonly used
utility programs and machine dependent routines.

5. Interactive Access to System Resources.
This AIS feature can be taken for granted, but should be preserved

in the rehosting effort.
Bad Features:

1. Non-Modularity of AIS Software Components.
Source data for CAMIL programs is maintained in the Source Program
Library, which is comprised of modules containing different CAMIL
constructs such as segments and procedures. Due to the restriction
on module size in the SOURCELIB file (which contains source data
for all CAMIL programs on the AIS), logically distinct processing
units in many CAMIL programs have been split up into a number of
different segments. For example, the portion of the Adaptive Model
component that prescribes instructional strategies has been written
using eight separate CAMIL segments, instead of being one
processing unit. There are also many examples of bad programming

T T e e i e

il e e dic -t aae
T ey e -




style in existing CAMIL programs, For instance, many CAMIL
programs open files that may be used during program execution when
the program is initialized. In some cases, the files are never
accessed, so that the overhead of file opening was unnecessary.
Additionally, goto statements are heavily used in many CAMIL
programs, which results in unstructured programs.

Machine Dependence of CAMIL Programs.

Many CAMIL programs access system-wide global variables and contain
code dependent on machine features. For example, the CASS Editor
allows users with certain system IDs (obtained from a system-wide
global variable) special access privileges.

Non-Existence of General-Purpose Programs.

There are many programs in the AIS that perform essentially the
same task. For example, separate editors exist for maintaining
each CMI database file. If these could be combined into a
general-purpose program, significant savings in system resources
could be achieved (a shared copy of such a program could be
accessed simultaneously by a number of users),

Menu-Driven Editors.

This design philosophy can cause confusion to editor users when
menus (choices of editor functions) are too large., Editors should
accept and parse a relatively small set of user entered commands.

CAI Capabilities.
AIS in its present state does not allow entire courses to be taken
in a CAI mode.

CMI Capabilities.

The Adaptive Model component randomly assigns a course version to a
student upon entry to a course. Course versions should be assigned
to students based on predicted performance, not randomly.

Execution of the Adaptive Model Component in Background Mode.

The Adaptive Model (AM) component currently executes at a simulated
terminal location (background mode). This is a drain on system
resources, since a CPU time-slice must be continually alloca%ed to
the AM, even if it is not performing any useful computation.

Unless the overhead to initialize the AM is prohibitively high, it

should execute in the same mode as a widely-used editor: as a
shared procedure accessible by a number of different users (here,
users are remote terminals requesting analysis of student
performance data).

Debugging Features of the CAMIL Language.

Hopefully this will improve with the support of better language
features in the target enviromment.
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AIS Database.

Good Features:

1‘

2.

Logical Separation of Information.

The data contained in the AIS database is separated along file
boundaries into course related data, resource related data, and
student related data.

Indexed Sequential Organization,

Files whose data is accessed randomly are organized in an indexed
sequential manner, which provides fairly efficient access to
the records in a file based on an associated key.

Bad Features:

1.

Too Much Data.

The AIS database stores an enormous amount of data concerning
student performance histories. Much of this data may be collected
for no good reason, and its elimination would cause a dramatic drop
in the space requirements of the AIS.

Space Inefficiency.

Certain files in the AIS database could be restructured in order to
create savings in space. For example, each module record of the
AIS Lesson file contains five regression equations, each requiring
37 words of storage. If a file could be created containing a
standard set of say 100 regression equations, a substantjial savings
in space could result, since the present database has upwards of
100K words of storage devoted to regression equations alone (4
courses, up to 16 blocks per course, up to 98 lessons per block, a
number of modules per lesson, 537 words per module record). The
regression equation data fields in the module records would simply
be replaced with an index or key for the proper record in the newly
created regression equation file. This replacement process may not
exactly duplicate the original regression equation, but it is
assuned that a close match can be found from the standard set
contained in the new file,

Possible Overlaps in Information Stcred in the Database.

Course related information exists in a Course file, a Hierarchy
file, a Lesson file, and a Cross Reference file. Some of this
information may be duplicated in two or more of these files,

Fixed Length Records.

Vhile an indexed sequential organization allows variable length
records in a file, all AIS database files organized in such a
manner contain fixed 1length records. In some instances, these
records contain arrays of data (such as absence transactions within
a Student Data Profile record), so that the use of variable length
records would provide a significant savings in space.




Appendix B: AIS Database Structure.

Course Related Files:

1.

3.

5.

Course file.
Contains information pertaining to a course as a whole. Accessed
by the Adaptive Model on every transaction,

Hierarchy file.
Contains information defining the structure of each version of a
course. Accessed by the Adaptive Model when an assignment is made.

Lesson file.

Contains information regarding the individual lessons and modules
(lesson alternatives) in a course. Accessed by the Adaptive Model
when a lesson assignment is made.

Cross Reference file.

Contains information tying together the Hierarchy and Lesson files.
Accessed by the Adaptive Model when an assignment override request
is made.

Test Key file,

Contains information about the various tests administered by the
Adaptive Model. Accessed by the Adaptive Model when a test is
scored.

Test Item Text file.
Contains the text for tests that can be administered interactively.
Not accessed by the Adaptive Model.

Resource Related Files:

1.

Learning Center file.

Contains information concerning each distinct learning center,
Accessed by the Adaptive Model when a student enters or leaves a
learning center.

Resource Class file.

Contains information about the instructional resources managed by
the Adaptive Model. Accessed by the Adaptive Model to determine if
resources are available for a specific module assignment.

Resource Type Descriptor file.
Establishes a correspondence between resource type numbers and

their English language names.,

Calendar file.
Contains information defining the days on which a course is taught.

Variable Definition file.
Contains information defining the characteristics of student

performance variables employed by the AIS. Accessed by the
Adaptive Model to determine when to store a variable from a test,
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udent Related Fi :

1.

Student Data Profile file.

Contains information regarding individual students registered for
AIS courses. Accessed by the Adaptive Model for every transaction
concerning the student. Contains the following types of records:
Status record: one for each student.

Module Completion record: one for each block a student has begun,
Testing record: one for each student who has been administered an
on-line test. '

Absence record: one for each block in which a student has been
absent.

Restart record: one for each student restarting a CAI lesson.

CAI Rela F

1.

2.

3.

5.

CAI file.
Contains information describing CAI lessons, Accessed by the CAI
Presentation Program when a CAI lesson is presented,

TEXT file.
Contains the material to appear on the terminal screen in the

presentation of a CAI lesson.

COMTEXT file.
Contains reviewer entered comments.

CAIDATA/CAIDEC file.
Contains response and decision point data for data analysis report

generation.

Student Data Profile file.
Same as above.
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CAMIL definition:

TYPE PACKED RECORD
) (14B class;
I8B rec_no) RTD key_type;
TYPE PACKED RECORD
(CHARACTER PACKED ARRAY (20) character) res name type;
TYPE PACKED RECORD

(RTD_key type key; -~ word 1
res_name_type PACKED ARRAY (200) res_name) RTD_type; -~ words 2 - 80
ADA definition:(machine independent): .

type RTD KEY TYPE is record
CLASS : INTEGER range range 1 .. 3;
REC_NO : INTEGER range 0 .. 255;
end  record;

type RES NAME TYPE is record
CHARACTERS : arraz(l ++ 20) of CHARACTER; -- or STRING(1l .. 20)
end record;

type RTD TYPE is record
KEY : RTD KEY TYPE; ;
RES_NAME arraz(l .. 200) of RES_NAME_TYPE; 4
end record,

ADA representation specification:

BYTE : constant := 8; -- 8 bits per byte 4
WORD : constant := 4; -- storage unit is byte, 4 bytes (32 bits) per word
for RTD_KEY TYPE use record

CLASS at O*WORD range 0 .. 3;

REC_NO at O*WORD range 4 .. 11;

end record;
for RTD TYPE use record

KEY i at O*WORD range range 0 .. 31; - word 1

RBS_NAHE at 1*WORD range 0 .. 31999; -- words 2 -~ 1001

end record;

-- or equivalently:

for RTD_KEY _TYPE'SIZE use 4*BYTE;
for RES_] NAME TYPE' SIZE use 20*BYTE;
for RTD ) _TYPE' TSIZE use 4004 *BYTE;

Figure i: Resource Type Descriptor file record.
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THE BIOLOGICAL DEGRADATION OF SPILLED JET FUELS:
A LITERATURE REVIEW

by

Robert E. Carlson

ABSTRACT

Biodegradation of many of the components of Air Force fuels does occur,
although most studies have been done under laboratory conditions, and the
extrapolation of the findings to natural rates of biodegradation is premature.
Many factors affect biodegradation rates, including the nature and concentra-
tion of the specific hydrocarbon compound, the species of bacteria present
and their quantity, and environmental factors such as nutrient availability,
temperature, and oxygen concentrations. Initial concerns should be first, the
determination of the importance of biodegradation relative to other loss fac-
tors such as volatilization and sediment sorption, and second, the deter-

mination of the ultimate fate of recalcitrant compounds and their metabolites.
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I. INTRODUCTION:

Accidental spills or leakage of commercial or Air Force jet fuels into j
surface waters or ground water have happened and will happen again. Jet fuels
contain a number of highly toxic and even carcinogenic compounds and their

potential effect on natural ecosystems and water supplies could be serious.

Research is presently underway to broaden the specifications of the currently
used jet fuels so that alternate sources such as shale oil and coal could be
used. These alternate source fuels may have as much as 10 percent more
aromatic hydrocarbons than present fuels, some of which will be polycyclic

b aromatic hydrocarbons (PAH). Several PAH are potent carcinogens. The fate in
and effect on the environment of the present and proposed jet fuels is cur~

rently being investigated by the Air Force.

As most of the constituents of jet fuel have a limited solubility in water
and are volatile, it might be expected that evaporation from the water surface
may be the major mode of loes of a spilled fuel. However, a finite amount of
many of the compounds may enter the water, either as small droplets or in

_ r solution. The fate of these compounds is the concern of this review,

Soluble hydrocarbons may sorb onto the surface of any organic particle in
the water.! Some of these organic surfaces will be suspended and settled
sediments, while other surfaces will be living: bacteria, algae, inverte-

brates, and fish, To some of these organisms the hydrocarbons will be toxic,

affecting behavior, growth, reproduction and survival. Other organisms will
utilize the hydrocarbons as a source of energy and carbon, degrading the com—
pounds into simpler organic molecules, and ultimately into carbon dioxide and

water.

Volatilization, abiotic and biotic sorption, and degradation are probably
the major pathways of removal of jet fuel hydrocarbons from the open water.

Of these, only volatilization and biodegradation represent true losses from

A . the aquatic habitat. Sorbed hydrocarbons, unless sorbed irreversibly, may

continue to be released into the water for some time, especially if initially

SN
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buried in the sub-surface sediments by burrowing invertebrates and bottom-
feeding fish., The ability of the biota of aquatic environments to degrade
hydrocarbons is therefore an important consideration in the possible effect of

spilled fuels.

I11. OBJECTIVES

The objective of this study is to review the literature pertaining to the
factors influencing the rate of degradation of jet fuels by living organisms.
It became apparent early in the study that no research has been done speci-
fically with jet fuels, and only a limited number of studies have dealt with
fuel components such as gasoline, kerosene, and diesel fuel. The vast
majority of the research has been done using crude and refined oils. Research
has also largely been confined to studies on marine bacteria and fungi.
Little work has been done in fresh water, and the possibility that organisms
other than bacteria may contribute to degradation has been virtually ignored.
Finally, a wide diversity of methods has been used to study biodegradationm,
making comparison of degradation rates obtained in separate studies

impossible, For these reasons, the following was done:

1. A review of the methodologies used in biodegradation research in order
to provide a perspective of the methodological problems and possible solu-

tions.

2. A review of the factors that have been identified as affecting the
rate of biodegradation. From this review, the dominant factors are identified

and areas where limited knowledge is available are identified.

The review does not cover all of the vast amount of literature on hydro-
carbon biodegradation, but it reviews a sampling of the relevant literatura

published in English in the past five years.
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k III. THE METHODOLOGY OF BIODEGRADATION

Microcosms

In 1941 hydrocarbons were believed to be biologically inert or highly
refractory t> enzymatic attack.?2 By 1972 ZoBellZ could report that virtually
all kinds of hydrocarbons were susceptable to microbial degradation. In the
31 years since 1941 a great deal of research had been done on microbial degra-
dation of hydrocarbons, much of it being the tedious task of demonstrating
degradability of each individual hydrocarbon and then isolating and identi-

- fying the degrading organism. It is now obvious from ZoBell's 1972 review #
that although biodegradation of hydrocarbons had been adequately demonstrated,
considerable research was needed in elucidating the factors that affected
degradation rates. At the same symposium, Floodgate3 lamented the lack of an
ecological approach to degradation research. He decried the tendency to use
biochemical approaches to basically ecological problems. His paper is a
discussion of the problems and of the possibilities that would allow the t

microbial ecologist to "mimic the natural environment as closely as possible."

Considering the complexity of the natural environment relative to the

simplicity of the uni-species laboratory cultures, the transferral of labora-
tory data to field situations should be viewed with suspicion. The microcosm
is one approach to providing some measure of the complexity of the naturail
system while maintaining the control obtainable in the .aboratory environment.
Although some would regard both the uni-species flask and the mathematical
model as forms of mictocosms,4 the definition of a microcosm is better limited '
to living multi-species micro-systems. The microcosm is used because it
allows for species interactions, the one factor that cannot be obtained with a
single species culture. It is also used because all possible interactiomns
cannot be known and therefore cannot be modeled mathematically. The microcosm
is a living model of a natural system. It is assumed that a multi-species
system will exhibit a behavior which is a function of the quantity and quality

b of species within the system. Therefore the more species and functiomal

groups represented, the more the microcosm behavior would deviate from the

unispecies culture, and the more it would mimic the behavior of the natural

i
%
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The utility of multi~species cultures is essential in measuring biodegra-
dation because the complete degradation of some hydrocarbons cannot be
accomplished unless several microbial species are present.3'4'5 In such cases
a uni-species culture would give an erroneous picture of the microbial

community's capability to degrade the compound.

Microcosms can be classified either on the basis of their openness to
inputs and outputs of nutrients and water or m the basis of the degree of
definition of the species within.’ A closed or static system sssumes that the
internal recyling of nutrients will provide adcquate nutrients to maintain the
system for the duration of the experiment. It is equivalent to a batch
culture. In open systems nutrients and water are added and removed either
continuously or discontinuously. The characteristics of the static and con-

tinuous-flow systems will be discussed later.

An undefined microcosm may be no more than a grab sample of water and mud
from a pond,s'9 while in a defined system the species are all known and were
deliberately added to the system. The assumption of the undefined microcosm
is that knowledge of all possible species interactions in a system is impos-~
sible, and therefore a sample of the natural system, containing as complete a
community as deemed necessary will be the best laboratory representation of
the natural ecosystem. Often knowledge of the species or their interactions
within the microcosm is de~emphasized, and the microcosm is treated as a black
box, with an emphasis on total system function rather than on component
behavior.? Critics of this approach consider the undefined microcosms to be

"dirty aquaria," where the sacrifice of knowledge of specific mechanisms and

interactions is not compensated by the system's naturalness.

The defined microcosm usually has a different research purpose than the
undefined system, It may be a closed micro-ecosystem, open only to light and
gas exchange, or it may represent only a portion of a system, as for example,
a model predator-prey system., It is not meant to be a mimic of any specific
natural system and is therefore often used to explore general ecosystem

behavior. Since all the components are known, the system can by constructed

at any time. It also has the major advantage of a reproducible behavior. It




can and has been used to predict the effects of xenobiotics on system benavior
and can provide valuable information on the possible toxicity responses of a
multi-species system. As such it can be a powerful screening technique for
possible toxic substances. Because it does not mimic any particular system
and because its bacterial community is probably limited in numbers of species,

it has little use in estimating natural degradation rates.

In biodegradation research microcosms used range in size from 20 ml scin-

tilation vialsl® to 1500 liter plastic bags.11

The systems themselves may
consist of grab samples of mud and/or water or may be attempts to take intact
segments of the natural syst:em.12 Many studies use only the water or
sediment-water components, while others attempt to include as much of natural
system as possible.9 The exclusion of fish and invertebrates may be justified
as they are thought to not contribute significantly to the total biodegrada-
tion of hydrocarbons, but restriction to small volumes simply because bacteria
are small could increase the variability of replicate microcosms and miss some

possible system matrix effects.

Although microcosms theoretically provide unique information because of
the potential for interspecific interactions, microcosms at present have cer-
tain drawbacks that require that caution be taken when attempting to extra-
polate microcosm-derived data to field situations. Some of the problems of
the use of microcosms are listed below:

1. Microcosm results are specific to the type of microcosm used.?
Microcosms have inherent design features (size, S/V ratio, use of sediments,
etc.13) that will affect the outcome of the experiment., The use of reference
compounds would allow comparisons to be made between different microcosms.4
Certainly this problem is no different from the lack of uniformity between
natural ecosystems, and is an implicit recognition that the problems of micro-
cosm design are similar to those of field comparisons. The use of microcosms
simply has not advanced to the state where the effect of microcosm design is

considered.

2. A microcosm should give reproducible data within a given set of

experiments.“ This requirement is achievable in defined microcosms, but in
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these systems replicability is gained at the expense of the ability to extra-
polate the findings to any specific ecosystem, Replicability is difficult to
achieve in an undefined microcosm. Species in natural systems change both
spatially and temporally, and a microcosm may not respond in exactly the same
manner if the initial samples are taken on different daysll or at different
locations within the same ecosystem. Bourquin et al.l% achieved replicable
microcosms by first mixing estuarine sediments in an aquarium and then
sampling from this homogeneous system. In field work variability is handled
by the use of multiple samples, both spatially and temporally. Such repli-
cation becomes logistically difficult with microcosms. Without at least

temporal replication, extrapolation of microcosm results will be difficult.

3. When microcosms are used to mimic natural systems, there is a problem
of scaling.“ If the assumption is that the richer the biotic community, the
better the duplication of real-world events, then the inclusion of all or most
of the natural functional groups should be necessary. To achieve this goal
without putting large organisms into small microcosms, microcosms have grown
in size, becoming field ecosystems in themgselves. De Kreuk and Hanstveitll
found, for example, higher degradation rates of 4-chlorophenol in larger
enclosures because of the presence of a richer bacterial flora. With the
achievement of the reality assumed to be gained with increasing enclosure
size, comes a loss in the amount of control over and understanding of the
dynamics of individual components. A trade~off exists between "reality" and

control over the system.

4, 1In attempts to make microcosms more realistic, the use of a continuous
culture system has been recommended.3:15 This provides a semblance of realism
in regard to nutrient input, but ignores the importance of species introduc-

11 Natural systems have continual inputs of species as well as nutri-

tions.
ents and these inputs may be responsible for the observed species richness.
Cessation of immigration could result in an increasingly simpler community.
This consideration becomes especially important when microcosms are used to
screen toxic substances. The initial contact with a toxic compound may cause
species extinctions. The resulting recovery-response trajectory of the micro-

cosm may differ considerably from an open~species system. If realism is
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desired, periodic re-seeding with field samples is recommended. Experiments
where continual re-seeding was done are those of Horowitz and Atlasl® and of

de Kreuk and Hanstveit.!l

Continuous Flow and Static Cultures

A static culture is open only to inputs of light and gasses. No effort is
made to replenish nutrients or to remove metabolic by-products. Typically the
growth within such a system would be initially a sigmoidal increase in bio-
mass, followed by a definite period of relatively stable biomass, followed by
a gradual decline of the sytem as nutrients become sequestered in internal
sinks. The period of stable biomass is dependent on the degree of internal
nutrient re-cycling. The advantage of the batch system is its simplicity; it
requires little equipment other than the culture container, and it requires
little or no maintenance once the experiment is initiated. Its disadvantages
include (1) a lack of reality with the exclusion of inputs and outputs,

(2) the possible buildup of toxic metabolic intermediates, (3) the time depen-
dence of the results, and (4) the difficulty of monitoring changes over
time,3»15

The alternative to the static system is the continuous culture system,
where inputs of water and nutrients enter and leave the reaction vessel. A
specialized form of the continuous flow system is the chemostat, where the
growth of the culture is limited by the rate of input of a nutrient. In the
chemostat the growth rate can be regulated by varying the dilution rate of the

systeﬂ.

The claim that continuous flow techniques produce more realistic systems
is lessened by the use of unrealistic dilution rates. At the dilution rates
usually used, nutrient inputs and dilution losses are much higher than found
in lentic ecosystems, and the system selects for species growing at the rate
of dilution. Slower growing species are washed out of the cultures.l!
Pritchard and Starrl3 found that manipulation of the dilution rate selected

for different species of bacteria that degraded octane at different rates
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(57.1 and 16.5 ug/hr). Such selection would seriously hinder the extrapola-
tion of the results to natural systems. As mentioned earlier, most existing
lentic continuous flow systems do not continuously introduce species to the
microcosm. The exceptions are many lotic microcosms. In these systems, often
the input water is natural stream water, allowing a continual seeding of
species. In these systems, the organisms usually are attached to the sub-
strate, minimizing the effect of dilution rate on species selection, although
it is still possible that the assemblage that is established will be a func~

tion of the flow rate.

A major drawback of the continuous flow system is the amount of ancillary
apparatus needed to maintain a constant flow through the system. The expense
and maintenance time involved with the continuous flow systems limit the
number of replications that can be done at one time, This could add substan-
tially to the expense of the project. De Kreuk and Hanstveit!]l found that,
although continuous flow systems appeared theoretically to be a better
approach to replicating the real environment, test results obtained in both
systems were very similar. The choice between the systems for them was guided
on the basis of the relative simplicity of the method or the requirements dic-

tated by the analytical procedures.

Biodegradation Techniques

Although biochemical oxygen demand,17 manometric respirometry, as vell as
the increase in optical density of a fat soluble dye15 have been used to
measure hydrocarbon degradation, the most common techniques are the direct
measurement of hydrocarbon loss, usually using gas liquid chromatography as
the analytical technique, or the measurement of carbon dioxide evolutiom,

often using a l4c 1 abeled compound.

Direct measurement of hydrocarbon loss involves the innoculation of the
culture or microcosm with a hydrocarbon or hydrocarbon mix and subsequent

measurement of changes in concentration with time. If samples are repeatedly

18

taken from the same culture vessel, Mreny et al.'‘ recommended the addition of

a non-biodegradable internal standard, hexachloroethane, to correct for
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sampling error., Prior to analysis the hydrocarbons aie extracted from the

water medium with hexane,19 diethyl ether,20 carbon tetrachloride,2! or

Freon 113.22 The extracts are concentrated, dried and either directly sub-
jected to analysis by gas chromatography or other appropriate techniques, or a
further separation may be used prior to analysis. Horowitz and At1asl® uyged a
silica-alumina gel column to separate the hydrocarbons from Prudhoe crude oil
into saturates, monoaromatics, diaromatics and polycyclic aromatic fractionms.
Atlas et al.23 yged a mixture of methylene chloride and methanol (9:1) to
extract oil hydrocarbons from sediments and subsequently fractionated the
extract into aliphatic and aromatic fractions in an silica-alumina gel column

using hexane and hexane-methylene chloride elutants.

The advantage of using chemical analysis lies in its directness of
approach. Change in the absolute concentration can be measured, and if there
are metabolic by-products, they can be quantified and identified if necessary.
The technique is also amendable to the use of hydrocarbon mixes such as jet 1

fuels, and if the analytical technique is sufficiently sensitive, degradatiom

rates can be simultaneously obtained for each compound within the mix.

The problems with the technique are those related to the sensitivity of
the analytical techniques involved. Biologically significant concentrations
of hydrocarbons may be less than 100 ug/l and the normal lower limits of

detection of gas chromatography may be 4 to 10 times higher. Some concentra-

tion step is usually necessary which adds to the time of snalysis and to the
variability of the results. As a considerable amount of hydrocarbon will be ;
necessary for analysis, either whole microcosms would have to be sacrificed or '
large containers used to accommodate repeated sampling. Interference of
hydrocarbons present initially in the sample or those produced by the organ-

isms themselves may also be a problem.

The measurement of carbon dioxide release represents a measure of the
complete degradation of the original compound to carbon dioxide and water, not
just the loss of the original conpound,zh. This distinction is important
because (1) COy release is not necessarily related to the original substrate

degradation by a 1:1 relationship, as the method does not account for the
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production of other non-biodegradable metabolic by-products or incorporation
of the labeled carbon into cellular material (yield), and (2) the loss of the
original substrate does not necessarily mean that all toxic forms have been
removed. The metabolic breakdown products may be more toxic than the original
substrate. Both breakdown rate or the original substrate and the evolution of
COy are important and not necessarily correlated measurements,

In measuring CO; evolution, a l4c_1gbeled substrate is often used. The
technique involves the injection of the labeled substrate into a culture
vessel or microcosm, and, after a time, the sacrifice of the culture and the
subsequent counting by liquid scintillation of the radioactivity of the
labeled CO,y produced, and, in some cases the radioactivity of all the com~
ponents of the system. Usually a control, killed by sterilization, formal-
delhyde, or mercuric chloride, is used ro measure volatilization losses and
abiotic uptake of the compound. Often the experiments are performed in sealed
containers, and no volatilization is permitted. In these cases, the rates
obtained represent biodegradation only, and not rates of total losa found in
open containers. Carbon dioxide is captured in KOH, NaOH, phenethyl-

28 othanolamine and

amine,17,25,26,27 hyamine hydoxide,zo eathanolamine,
methanahol,29 or Oxiflor-002.23 CO, trapping, especially with the orgenic
solvents, may also capture volatilized initial substrates or metabolic
by-products. This possibility is either corrected using the measurement of
apparent CO, trapped in the poisoned control or the insertion of an organic
trap such as a cold Tenax column3? or xAD reain,l2 or a vial containing a
toluene or xylene base scintillation cocktail.?® Removal of the CO; from the
culture usually is accomplished by the addition of a small amount of acid, but
Walker and Colwell?” found that acidification caused the release of the label
from the cells. Rather than acidification, stripping the COy from the water
with nitrogen 3&530 or airl2,25 may be a more benign removal technique. The
technique of air stripping of CO; also allows for continual CO, measurements

without the sacrifice of the culture.

If other radioactive system components are counted, this is usually accom-
plished by extraction of the remaining hydrocarbons and the subsequent

measurement of the radioactivity in the extract. Hexane or diethyl ether are




commonly used as a solvent,16’27 although ethyl acetate?” has been used.
Herbes and SchwalllO first used acetone to extract the labeled compounds from
sediments and then combusted the sediments to obtain a bound-14¢C fraction.
They used thin layer silica gel chromatography on the acetone extract to
separate polar l4¢ compounds from the unaltered substrates. Herbes et al. 24
and Herbes and SchwalllO yged silica gel column chromatography on ethyl ace-
tate extracts evaporated to near dryness and subsequently redissolved in ben-

zene to separate metabolites from unaltered PAH substrates.
There are several advantages to using a radio-labeled substrate.

1. Using labeled compounds with high specific activities, very small con-
centrations of the hydrocarbon can be detected without the analytical problems

associated with direct chemical analysis.

2. Compounds can be added and detected at levels that would actually be
found in the environment. There is no need to use high concentrations simply
to make the procedure analytically tractable. High concentrations may acti-
vate dormant bacteria, be toxic, or mask cometabolic reactions,31 and should
be avoided if the concentrations would not be found in either natural or spill

conditions.

3. As only the original compound and its metabolic by-products will be
labeled, the fate of the compound can be traced throughout the system without

interference from naturally occuring hydrocarbons.

4. 1If parts of the system, including outputs, are sampled, a mass balance
can be calculated, identifying both problems of technique and ultimate fate of

the compound.

5. The sensitivity of the technique allows the measurement of small
changes in substrate or COp concentrations, allowing both the study of degra-

dation over very short intervals of time and the measurement of extremely low

degradation rates. 24




6. Labeled COp evolution avoids possible errors associated with enhance-
ment of microbial respiration and consequent increased unlabeled COy evolution
by hydrocarbon addition, and, if all the labeled COj is driven from the water
by acidification or air stripping, problems related to CO, incorporation into

the bicarbonate system.32

The technique does have some drawbacks.

1. As compounds can only be individually labeled and each is labeled with
l4¢, the degradation of only one compound can be studied at a time, although

it should be possible to study its degradation within a hydrocarbon mix.

2. As the 4C atom occupies a gpecific site on the hydrocarbon molecule,
the apparent degradation of the molecule will be a function of the ease with
which that labeled location on the molecule comes under enzymatic attack.30

The substrate-CO, balance could give the impression that the compound was

completely degraded while in truth its breakdown products could still be B
within the system.

3. Because the labeled carbon can be incorporated into bacterial cellular
material and the 14C02 can be taken up by algae, the tracer can remain in the
system long after the original substrate is degraded and its metabolic by-
products metabolized. This could give a false impression of resistance to

-

degradation. :

The Units of Degradationm

One of the most frustrating aspects of this review was the impossibility
of comparing degradation rates gathered in separate studies. This is largely
because of a lack of uniformity in the units used to report degradation rates.

Below are the enumerated and evaluated the units commonly used.

1. "Amount/unit volume/time" is a commonly used unit, especially when the

methodology involves direct analysis of the hydrocarbon loss. A similar

measure is "Amount/time" which is more an indicator of how fast an initial
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dose or spill would last in the environment. These units assume a linear
(zero-order) decrease in concentration with time. This assumption may be
incorrect except at higher hydrocarbon concentrations and probably incorrect
at concentrations of biological interest. If incorrect, the error will be

greatest at the lower concentrations where the accuracy is necessary.

2. A variation of #1 is the use of the fraction degraded or the percent
degraded per time. This is computed using the initial and final hydrocarbon

concentrations, or the fraction of the initial labeled substrate evolved as

labeled!# €Oy 4t the termination of the experiment, or it may be a least

square fit from a series of measurements over time. When the percentage is 'i
calculated using only initial and final values, a zero-order decay is still
being assumed. As shown by Walker et al.33 this assumption may be correct for {

saturated hydrocarbons, as least at the concentrations that he was using. 1

3. Degradation potential or heterotrophic potential are terms commonly . 4
used to report degradation as the percentage of radioactivity in the original i
substrate that is recovered as COy. As mentioned in a pervious section CO,

evolution is not necessarily a measure of substrate loss, although it is some-~

times reported as such. Only Button et a1.30 pave compensated for cellular

incorporation in order to use CO, data to calculate substrate loss.

4. 1If degradation rates are assumed or found to be substrate concentra-

tion dependent, then a first-order decay rate is used. The rate constant

(1/time) is reported in the same units as #2, but the decrease in concentra-
tion is assumed to be exponential. Some papers reported degradation rates in
terms of half-life, the time necessary for one-half of the original substrate

to be degraded.

5. The fraction of original substrate degraded per unit time is termed

turnover rate.3% Both uptake rate and substrate concentration affect turnover
rates,35 but it is a convenient measure if the naturally occuring concentra-
tion cannot be determined. The inverse of turnover rate is termed turnover
time. Uptake rate (or negative degradation rate) is calculated by multiplying
the turnover time by the concentration. If the labeled substrate is added in
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very small quantities relative to the naturally occuring substrate, the

natural uptake rate and the natural turnover times can be calculated.33 1In

the case of hydrocarbon additions, the naturally occurring concentrations may
not be a significant consideration except in polluted areas, and degradatiom

rates could be calculated using only the added concentrations.

6. Since the degradation rate should be a function of the number or acti-
vity of the bacteria in the environment, it is quite possible that the degra-
dation rate is second-~order rather than first~order decay. 1If the incubation
time is short relative to the growth rate of the bacteria, the number of bac-
teria may be relatively constant and a first—-order rate may be obtained. In
this case, the degradation rate obtained will be dependent on the number of
bacteria present, and the rate constant should be standardized to the number

of degraders present, termed the specific degradation rate. Paris et al.36

have shown that the use of the specific degradation rate can produce gimilar
decomposition rates over widely varying first-order constants. The use of
these units assumes that an accurate method exists to quantify the number of

degraders pre;ent.

7. Kinetic wmodels assume that degradation rate is dependent on the con-
centration of the substrate relative to the uptake abilities of the bacteria.
Bacterial uptake and growth is often represented by a Monod equation, and the
kinetic variables measured are Vp,y, the maximum uptake rate, and kg, the
concentration of substrate at 1/2 Vg,,. Paris et a1.36 have shown that at
substrate concentrations less than kg, uptake is a linear function of concen-
tration, and a second order decay rate should be expected, which would produce
a pseudo-first-order decay constant if the bacteria numbers are constant. At
concentrations greater than kg, the decay will be zero-order with respect to
substrate concentration if the bacterial numbers are constant. Obtaining
kinetic parameters requires the calculation of uptake or degradation at
several substrate concentrations. The validity of the use of kinetic vari-

ables obtained from mixed bacterial populations has been questioned.3’

8. Representing the decomposition rate from cultures containing sediments

is a special problem. Roubal and At1as?0 gdded volumetric amounts of diluted
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sediments to their culture vessels as did Wyndham and CostertonZ9, Wyndh am
and Costerton?? reported their results as ug degraded/ml of sediment/day.

Herbes and SchwalllO reported PAH degradation in sediments as rate comstants
(1/hr), turnover time (hr) (both of which are dependent on the concentration
of sediment used), and transformation rate {ug PAH degraded/gm sediment/hr).
Representation of rates per gram sediment may not be appropriate unless the
sediments are completely stirred. If the sediments are allowed to settle,

only a small fraction of the sediments will actually be in contact with the
hydrocarbons and the degradation rate will be underestimated. In this case,
representation of the rates on an areal basis (amt degraded/cm? of sediment/

time) would seem more appropriate.

All of the above units and more are found in the degradation literature,
making comparison of rates between studies impossible. Certainly each study
had its own objectives and therefore used appropriate techniques and termi-
nology, but the lack of conformity has lead to duplication of effort. Some

possibilities do exist to bring about some conformity.

1. As COp evolution is not necessarily equivalent to substrate loss, both
should be measured. If only COp is measured, the results should be corrected

for non-COy losses if the data is used to represent degradation rate.

2. Degradation rate will probably be a function of substrate concentra-
tion and bacterial numbers, and a second-order decomposition model should be
assumed unless demonstrated otherwise. Results should be standardized to the

number of degraders present.

3. Because of the non-linearity of uptake kinetics, the degradation rate
per bacterium may be zero-order at high concentrations, changing to first-
order as the concentration falls below kg. Obtaining kinetic parameters would
be desirable, but the necessity of using several substrate concentrations for
each compound would make the work difficult, unless k, and Vpax can be calcu-

lated from time course data,J8

4. The introduction of gpilled hydrocarbons will be largely a surface

phenomenon. No matter where the point of entry, the majority of the fuel will




be at the water surface. An areal rather than volumetric degradation rate may
be appropriate. If settled sediments or intact cores are used, again an areal

representation of degradation could be used,

Probably no single unit of degradation will be appropriate in every study,
but units should be used that could be utilized in a degradation model. 1If
rate constants were used, comparisons could be made not only with other degra-
dation studies but also with studies of volatilization and sorption losses.

It is quite possible that different models are appropriate for different

hydrocatbons.33

Enumeration of Microorganisms

1f it is necessary to obtain decomposition rates specific to the number of
active degrading bacteria, then sensitive and accurate estimates of bacterial
numbers are needed. Various techniques are ugsed to enumerate the bacteria
responsible for hydrocarbon degradation. It has been suggested that the ratio
of hydrocarbon degraders to total heterotrophs is a better indicator of the
hydrocarbon pollution in any environment than is the count of hydrogen degra-
ders alone,39 and usually both total heterotrophic bacteria and hydrocarbon-

degrading bacteria are counted.

Total heterotrophic bacteria are usually enumerated with a plate count
method using a wide variety of freshwater and marine media. Most probable
number (MPN) techniques are occasionally used. Because of the selective
nature of plate culturing, alternative techniques such as direct counting
using epifluorescence have been recommended. 40 Epifluorescence counts however
do not distinguish between living, dormant, and dead bacteria,35 and auto-

radicgraphy could be combined with the counts to determine activity.al

Hydrocarbon degrading bacteria are usually enumerated using a plate count
technique in which a specific hydrocarbon or hydrocarbon mixture has been
added as the sole carbon source., Recently a MPN technique using radiolabeled

hydrocarbon substrates has been tried.27:29 The labeled 14002 evolved is used




AD=A113 708

UNCLASSIFIED
-4

SOUTHEASTERN CENTER FOR ELECTRICAL ENGINEERING EDUCAT=-ETC F/6 S5/1

USAF SUMMER FACULTY RESEARCH PROGRAM. 1981 RESEARCH REPORTS, VO==ETC(U)

OCT 81 W D PEELE

F49620=79=C~0038
AFOSR=-TR=-82-0227 NL




as the indicator of bacterial activity. Lehmicke et al.31! advocate this tech-
nique because it uses substrate concentrations much closer to natural levels,
thus avoiding errors associated with high substrate levels such as toxicity,
or the activation of dormant bacteria or enzymes. The technique, however, is
specific to the one labeled substrate, and could be difficult to use in a mix
unless the single labeled compound was an adequate indicator of bacterial
activity on the total hydrocarbon mix or unless a number of labeled compounds

were used simultaneously.

IV. FACTORS AFFECTING BIODEGRADATION

Many factors can affect degradation rates. Rates can be affected by (1)
the nature and concentration of the specific hydrocarbon, (2) the species and
quantity of the bacteria present in a given environment, (3) environmental
factors that affect the metabolism and the growth rate of the bacteria, and
(4) indirect effects such as the presence of other toxics, alternate carbon
sources and cometabolic substrates. This section is a summary of some of the

regearch related to the effect of these factors on hydrocabron degradatiom.

Hydrocarbon Type and Concentration

Considerable research has been done on the relative degradability of :

various hydrocarbon compounds, and the bulk of this literature is not reported i

here. Degradability appears to be related to the cyclicity of the compound,
the degree of branching, and the particular arrangement of the carbon atoms

attached to a ring.

According to Bartha and At1as%? the following summary can be made of the

relative biodegradability of hydrocarbons.

1. n-Alkanes, especially those between C10 and C25, are the most widely
‘- and readily utilized hydrocarbons.

2. 1Iso-alkanes are generally degraded slower than n-alkanes, especially ;

if branching is extensive or creates quarternary carbon atoms.
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3. Olefins are less readily utilized than alkanes.

4, Low-molecular-weight aromatic hydrocarbons can be metabolized when

present in low, non-toxic concentrations.

5. Polycyclic aromatic hydrocarbons are metabolized only rarely and at

low rates.

6. Cycloalkanes serve as growth substrates for isolated organisms only in

exceptional cases, but may be degraded by cometabolism.

This summary is illustrated by the work of Walker et a1.33 In this study
it was shown that the degradability of cyclic alkanes and cyclic aromatics
decreased with each additional ring on the structure. Herbes and Schwal1l0
found that benz(a)pyrene was degraded nearly 5,000 times slower than naphtha-
lene in an oil-contaminated stream. In arctic marine samples, biodegradation
potential of 4 l4¢_1abeled compounds followed the order naphthalene > hexade-
cane > pristane > benzanthracene, with the potential for pristane and ben-
zanthracene often being zero. When nitrogen and phosphorus were added to the
cultures, the order was altered to hexadecane > naphthalene >> pristane >
benzanthracene.20 Roubal and At1las20 suggested that in the first experiments
naphthalene and hexadecane degradation rates were nutrient limited, and the
addition of nitrogen and phosphorous removed this limitation. They suggested
that pristane and benzanthracene were limited by available degradative enzyme

systems and the addition of nutrients could not stimulate degradation.

When gasoline was exposed to a mixed bacterial flora for 192 hours, the
highest degradation was found for benzene, ethyl benzene, toluene, and xylene,
wvhile the least degraded were iso-alkanes,22 They suggested that many of the
degraded compounds may have been degraded by co-oxidation. Kappeler and
Wuhrmann’ found that similar compounds differing only in the arrangement of
the carbon atoms attached to the benzene ring could differ significantly in
their degradation rates. Rates for 1,2,4, tri-methylbenzene were much higher
than for 1,2,3 tri-methylbenzene or 1,3,5 tri-methylbenzene. Ortho-xylene
degraded much slower than m- and p-xylene.
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Degradability is also related to hydrocarbon concentration. If
degradation is a first—- or second-order function, then a rate changing as
a function of concentration would be expected. However, at high con-
centrations the compounds or their metabolic intermediates may be toxic42 and
therefore inhibit degradation. Photosynthesis in the marine diatom Cyclotella
cryptica is stimulated at low concentrations of aromatics from North Sea crude
oil, but is inhibited at concentrations greater than 1 mg/l.43 Similar
results of concentration-dependent stimulation or inhibition has been found in
algae by others.%4,45,46

When hydrocarbon concentrations are low, biodegradation may also cease.
Boethling and Alexander?’ found little degradation of 2,4-dichlorophenoxy-
acetate and l-naphthyl-N-methylcarbamate occuring if the initial concentra-
tions were less than 2-3 ug/l. McCarty et al.48 determined the minimum
concentration of acetate that would support growth to be 0.66 mg/l. Both
Boethling and Alexander®’ and McCarty et al.48 suggested that below these
limiting concentrations, insufficient energy is extracted to offset these
energy demands. McCarty et al.48 suggested a compound wight be degraded at
concentrations below the minimum concentration if the concentration is fluctu-
ating (non-steady state) or if the compound were degraded by cometabolism.
Spain et al.49 found that the duration of time before a given bacterial flora
began to degrade p-nitrophenol was dependent on substrate concentration. At

initial level below 0.43 uM, adaptation did not occur,

Number and Species of Bacteria

Over 200 species of bacteria, yeasts, and filamentous fungi have been
shown to degrade one or more hydrocarbon conpounda.so One alga, Protothes
zophi, has been shown to degrade hydrocarbonl.51 but the number of reports of
stimulation of algal grovthaa"6'51 when hydrocarbons are added suggest that
ealgae may also contribute to its degradation. Algae, however, are not thought
to contain the proper oxidases to permit hydrocarbon metabolism.’2 Other
organisms, zooplankton, amphipods, crabs, and fish have been showm to degrade
hydrocarbons to some extent.’2 Bacteria are probably considered to be the

primary degraders of hydrocarbons not only because of their heterotrophic
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existence, but also because of their high surface area relative to their

volume,

Not all bacteria degrade hydrocarbons. The most common genera of
hydrocarbon-degraders are Pseudomonas, Achromobacter, Arthrobacter,
Micrococcus, Nocardia, Vibrio, Acinetobacter, Brevibacterium, Corynebacterium,

and Flavobacterium.4? Each species may not be able to degrade all hydrocarbon

compounds. Norcardia is probably responsible for n-alkane degradation while
Pseudomonas degrades aromatics.?? Jamison et al.22 reported that gasoline
could only be completely degraded by a mixed bacterial flora, not by isolated
species. Similarily; Kappeler and Wuhrmann® found that 12 out of 30 isolated
bacsterial strains degraded gas-oil, but also found that there were oaly 4
metabolically different strains represented in those 12 species. Complete
degradation of the gas-oil required the combined presence of 3 or those 4

strains.

The rate at which a hydrocarbon will disappear in a given environment will
depend in part on the number of hydrocarbon degrading bacteria present. Iden-
tification and enumeration of all the possible hydrocarbon-degrading species
would be tedious, and simpler indices have been advocated. As the isolation
of hydrocarbon-degraders is possible by the plating of water samples with
hydrocarbons used as the sole carbon source, it has been possible to enumerate
the total number of hydrocarbon degraders without further identification.

Some studies have found relationships between the number of hydrocarbon-
degraders and the amount of hydrocarbons in the environment16,19,53 pye

better correlations have been found between concentration and the ratio of
hydrocarbon-~degraders to the total number of heterotrophic bacteria.39,53,54
Others have found little relationship between either total hydrocarbon
degtader929'55 or hydrocarbon-degrader/total heterotroph ratios.17,36

Attempts at correlations of numbers of hydrocarbon-degraders or ratios with
the heterotrophic activity have also gotten mixed results. Studies by Wyndham
and Ccnterton,29 Ward and Brock,17 Roubal and Atlaa,29 and Herbes?3 found no
relationships, but SQki.zs Caparello and LaRock,25 and Walker and 001ve1127
did. In the study of Herbes33 there was no relationship of heterotrophic
potential with ambient PAH or with bacterial numbers, but higher degradation




vsp.\..;‘,__ ‘

L

rates were found at sites that were formerly polluted. He suggested that
either the PAH degraders remained longer than the ambient PAH or that PAH con-
centrations were sufficiently high to maintain the degrading enzymes in the
population. There appear to be several instances where there are higher
degradation potentials in polluted environments than in pristine environments,
although the difference is not seen in the number of degraders. This may be

a result of the techniques used for the isolation and enumeration of these
bacteria. If accurate bacterial numbers are needed to obtain number-specific

degradation constants, the methodology should be examined carefully,

Prior History of Hydrocarbon Contamination

In several instances, including the findings of Herbes,55 mentioned in the
last section, there are instances where the degradation rate of hydrocarbons
is higher if the environment has been previously exposed to hydrocarbons.
Roubal et al.37 reported that gasoline was not detected in the sediments 48
hours after a major gasoline spill in the Ohio River. They attributed the
rapidity of the loss of gasoline to the degrading bacteria already being pre-
sent because of a prior spill. The idea that degradation rate is dependent on
the prior activation of hydrocarbon-degrading bacteria fits into the larger

subject category of the causes of time lags in hydrocarbon degradatiom.

It has been noticed in a number of studies that a period of time often
passes before degradation commences. This time lag may last from a few hours
to a few days. According to Spain et al.49 these lags may be the result of
the time necessary to (1) induce or de-repress specific enzymes not present
before exposure, (2) select new metabolic capabilities produced by genetic
changes, and (3) increase the number of organisms able to catalyze a particu-
lar transformation. Caparello and LaRock25 determined that the duration of
the time lag was dependent on the initial size of the inmoculum, although the
final extent of degradation was not affected. Ward and Brockl? and Kappeler
and Wuhrmann3® observed that the initiation of decomposition commenced with
the increase in bacterial numbers. Pritchard and Starrl’ found that degrada-
tion of octane commenced when one bacterial species comprised 90 perceat of
the total bacterial numbers. Spain et al.49 found that adaptation (a change
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in degradation rate) would not occur if the substrate were below some
threshold concentration, or if the proper bacteria were not present in the

environment.

The duration of time lags can be altered in a number of ways. Spain
et al.4? found that prior exposure to p-nitrophenol would significantly
decrease the time lag on re—exposure to the chemical., Volatile compounds of
oils are toxic, and a temperature-dependent lag period can be produced until
these compounds evq:oox:at:e.“2 Soto et al.5? demonstrated that the volatile
compounds in crude oil extracts inhibited the growth of the alga, Chlamydomonas
angulosa. The toxic effect was maintained as long as the culture flasks were
stoppered. When unstoppered, the toxics evaporated and algal growth commenced.

The effect of other organic substrates on time lags is more difficult to ;
interpret. Ward and Brock!7 found that the addition of glucose prolonged the
time before hexadecane was degraded. When the glucose was consumed, hexa- ‘
decane degradation began. They suggested that hydrocarbon-degrading enzymes
were suppressed during growth on a preferred substrate. In a later experiment
they found that if the samples were aged to remove BOD, the time lag was i
shortened. Walker and Colwell2?? found a time lag in the uptake of glucose :
that they suggested was the result of the preferential utilization of hydro-
carbons before switching to alternate substrates. Gusev et al.2! found that
the addition of glucose to diesel fuel extracts shortened the time lag for
diesel fuel degradation, but had no effect on the degradation rate of diesel

fuel., Both substrates were utilized simultaneously.

Nutrient Limitation

Since the work of Atlas and Bartha®® it has been generally recognized that
the addition of nitrogen and phosphorus will often stimulate the degradation
rate of hydrocnrbonl.32 Nitrogen and phosphorus concentrations are the most
significant factor in degradation of diesel 0il.2! Horowitz and Atlasl® found
that nitrogen and phosphorus additions gave 10 percent higher losses of crude
oil than did the control, but if oleophilic fertilizers (paraffinized urea and
octyl-phosphate) were used, a 15 percent higher degradation loss was obtained.
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Dibble and Barthal? have shown that the addition of iron édgéther~with nitro-

gen and phosphorus further stimulated degradation, but only in clean;'iron-

depleted waters, They also found that degradation was largely restricted to
the n-alkane peaks if only nitrogen and phosphorus were added, but if iron

were also supplemented, the unresolved envelope was also degraded. This may
mean that only some of the bacterial species were iron-limited, but the acti-

vity of these species was necessary for the complete degradation of the oil.

In a detailed study of the nutrient limitation of hexadecane and mineral
oil degradation in Wisconsin lakes, Ward and Brockl7 found that nitrogen and j
phosphorus additions stimulated degradation rates in all of the nutrient-poor b
lakes studied. Degradation rate was a hyperbolic function of phosphorus con-
centration. Half-saturation concentrations for growth rates on mineral oil
and hexadecane were approximately 20 ug of phosphorus and 50 ug of nitrogen
per liter. They suggested that nutrient limitation of biodcgradation is a
widespread occurrence in freshwater systems.

A distinct seasonal pattern of degradation rate that suggests the dual

control of temperature and nutrient limitation has also been noted.11,17

Decomposition rates are typically low in the winter, rising as the temperature
increases in the spring. In mid-summer degradation rates decrease, following
drops in soluble nitrogen and phosphorus concentrations. Apparently from

mid-July to late fall, degradation rate is limited by nutrient supply.

Limitation of biodegradation by nutrients is not only important in the
actual degradation of hydrocarbons in the field, but also in the estimation of
degradation rates in the laboratory. In batch systems, where nutrient inputs
are agbsent, nutrient limitation may reach levels far above that observed in
the field. The experiments performed on such system may indicate far less

* degradation potential than is actually found in the field. Supplementing the
cultures with nitrogen and phosphorus may give an artificially high degrada- ﬁ

tion potential relative to the natural system, but at least it could be used

an an index of potential degradation. Approximations of real-world values
might require either short-term incubations (<24 hours) or the use of large
flow-through systems where the enclosure effects are minimized and natural

nutrient inputs are simulated.
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Temperature

As mentioned earlier, temperature can have an important seasonal effect on
the biodegradation rate of hydrocarbons. As might be expected for a factor
that affects metabolic activity, degradation rate increases with a rise in
temperature. Atlas and Bartha®l reported that degradation rate roughly
doubled with each 5°C temperature increase in the 5° to 20° range. Usually,
the temperature response curve is sigmoidal, with the maximum rates being
reached between 20° and 25°,17'62'63 although inhibition can be sometimes seen
at higher tenperatures.l7 Ward and Brock!7 found that temperature response
curves were similar in both summer and winter samples, suggesting that there

is little low temperature adaptation.

The percentage of the initial substrate degraded to CO, is also dependent
on temperature. Dibble and Bartha®3 found that the percent of original sub-
strate (oil sludge) evolved as CO, increased as a function of temperature, but
Walker and Colwell27 found that although the percentage of hexadecane degraded
increased with temperature, the fraction converted to COy decreased.

Increased time lags at low temperatures have also been described,17,61,63
Atlas and Bartha®l showed that the lag periods were caused by inhibitory vola-
tile components in crude oil and that volatilization rates of these toxics

were less at lower temperatures.

24

It is generally believed that there is an optimum pH over and under which
decomposition will decrease. Hambrick®4 found that the mineralization rates
of naphthalene were highest at pH 8.0, lowest at pH 5.0. Dibble and Bartha®3
found that raising the pH from 5 to 7.8 increased the mineralization rate of
oil sludge. One could conclude from studies such as these that the lowest
degradation rates might be found in acid environments such as strip-mine
impoundments, bogs, and poorly buffered lakes stressed by acid rain. The
accuracy of this conclusion depends on the assumption that no adaptation or
species replacements occur in low pH environments. My laboratory has isolated

species of algae that grow at pH 3.2 as rapidly as the bioassay organism,
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Selanastrum capricornutum does at pH 7. This suggests that producing pH

curves from samples taken from one environment should not be used to predict
the degradation rates in environments of different pHs. In-situ studies

within each environment may be a better approach.

Oxidation-Reduction Conditions

Most biological degradation of hydrocarbons involves metabolic reactions
that require oxygen; anaerboic degradation is negligible.42 Hambrick et al.%4
found decreasing rates of decomposition of naphthalene and octadecane as the
el values decreased. If hydrocarbons are somehow displaced into anaerobic
hypolimnia or sediments, they probably will not be degraded further. During
periods of turnover in lakes, both the hypolimnetic waters and sediments could
be mixed with oxygenated waters, releasing the hydrocarbons for futher degra-
dation. With each seasonal mixing event, further release and degradation

would occur, producing an "echo effect" (A. Carlson, personal communication).

Salinity

Few papers have been written on the biodegradation of hydrocarbons in
freshwater,!7 and even fewer have examined rates as a function of the salinity
of the parent environment. Ward and Brock®3 showed that the degradation of
hexadecane and mineral oil decreased with increasing salinity in the Great
Salt Lake; however their lower salinity was greater than the salinity of the
oceans. Caparello and LaRock?23 reported hexadecane mineralization in fresh-
water samples to be greater than in estuarine and marine samples. Spain
et al.*9 found that a riverine sediment degraded p-nitrophenol much faster
than an estuarine sediment. They suggested that the differences were not so
much the effect of salinity itself as much as the degrading ability of the
natural flora. Ome study11 found the relative rates of degradation in marine

or freshwater environments to be dependent on the compound.
V. ULTIMATE FATE

Many factors, both abiotic and biotic, can affect biodegradation rates of .
hydrocarbons. The environments where biodegradation rates are potentially the
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lowest can be approximated by superimposing each of factors that have been
reviewed here. Degradation would be low in environments where there are few
degrading organisms (which may be related to the lack of prior exposure to
spills), high salinities, and cold temperatures. Such a superimposition would
fit a pristine, arctic marine environment. Certainly the emphasis on possible
environmental effects of oil spills in the arctic reflect such a reasoning.

In temperate freshwater habitats the pristine acid bogs, as well as lakes
already stressed by acid rain, may have problems degrading hydrocarbons. The
interesting point of the above comparisons is that those habitats that may
degrade hydrocarbons the slowest are those thought to be most ecologically

susceptible to hydrocarbon toxicity.

The two other major pathways of hydrocarbon loss from the water column

are volatilization and sediment sorption. Sorption by the sediments may be a
complicating factor in the biodegradation of hydrocarbons., In a real sense,
sediments act as competitors with the microbial flora for soluble hydro-
carbons. The greater the concentration and sorption capacity of the sedi-
ments, the lower the concentration of the hydrocarbons in the water, and
perhaps the greater the absolute amount of hydrocarbon that will be solu-
bilized. As volatilization and biodegradation are concentration dependent,
the net effect of sediment sorption will be a lower absolute rate of hydro-

carbon loss from the water. As the hydrocarbons are lost by biodegradation

and volatilization, they will be replaced to an extent by desorption from the
sediments. Thus the organisms in the water will be exposed to a lower con-
centration than they would if sediments were not present, but the exposure
will be for a longer period of time. To further complicate matters, if sedi-
ment sorption decreases the concentration below the minimum concentration for
biodegradation, volatilization would be the only mode of hydrocarbon loss,

further extending the exposure time of organisms to the fuel components.

It has been commonly observed that the fraction of a l4co1abeled hydrocar-
bon that is mineralized to 14c02 is often much less than 100 percent. The
fate of the remainder of the labeled carbon may be reversible or irreversible
sorption onto the sediments, the formation of recalcitrant metabolic inter-

mediates, or incorporation into cellular carbon. In an open system the




eventual loss of the material as COyp would be expected, but the studies so far
reveal that these bound materials or metabolic intermedistes are not easily
metabolized. It may be that the hydrocarbons or their metabolic by-products,

once spilled, will be around for a long time,

VI. RECOMMENDATIONS

As no research has been done so far by the Air Force in the area of the
biodegradation of jet fuel components, certain priorities can be set based on
existing knowledge of hydrocarbon biodegradation. The following research con-

cerns could be considered.

1. Biological effect rather than analytical limitations must set the
minimum hydrocarbon concentrations to which their biodegradation is observed.
If such concentrations cannot be ascertained from existing research, then sen-

sitive and unambiguous measures of effect should be developed.

2. The importance of biodegradation should be studied in relatiom to
losses by volatilization. If biodegradation of hydrocarbons cannot be shown
to contribute significantly to fuel component losses, it may cease to be a

research concern of the Air Force.

3. The possible persistence of certain fuel components or their metabolic
by-products weeks or even months after the initial spill should be investi-
gated. The location and chemical characterization of these compounds should
be studied, as well as their toxicologiecal importance, The possible inter-
action with sediment sorption may play a role in the persistence of these

compounds.

4, Previous experiments have been performed in the laboratory on rela-
tively few environments. The findings of any laboratory studies should be
tested in much larger field enclosures where a more complex interaction with
the natural biota can be simulated, I value the use of large enclosures over

the use of an entire pond, because enclosures can mimic most of the responses




of the pond, but allow replication. Enclosures can also be utilized on

several types of environments, whereas the use of ponds limits the extrapola-

tion of data to other environments.

5. Biodegradation rates have been shown to be a function of many factors.
Extrapolation from a few laboratory studies to all the possible natural
environments would be unwise. Manipulation of temperature, pH, or other
variables on microbial samples from a single environment may produce response
curves that bear little resemblence to the response of a microbial community
taken from environments where those extreme conditions actually exist. An
abbreviated methodology such as heterotrophic potential could be used to
rapidly census a number of environments for their relative degradation rates.
Special attention should be given to small, freshwater habitats because their
small size relative to the size of a spill makes them more susceptible to fuel
effects.
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ON-AXIS KALMAN TRACKING FILTER FOR H.S. VANDENBERG ARIS SYSTEMS

by
Junho Choi ,
ABSTRACT ) i

The Metric Accuracy Improvement Program (MAIP) has been {
. rigorously studied during the last couple of decades at the S

Eastern Test Range, Patrick Air Force Base in Florida for the

Advanced Range Instrumentation Ships (ARIS). To improve the
accuracy, several approaches have been launched on a modernization
program aimed at upgrading various systems such as computer hard-
ware, calibration, timing systems, etc. In this work on-axis 4
tracking algorithm was proposed through a several possible extended
Kalman filter along with the brief review of the present tracking

r technique and coordinate algorithm. H

Simulation was conducted on two-states Kalman filter and

six-states Kalman filter to observe the feasibility of on-axis
tracking purpose. Results indicate that the initializations are
very important on the basis of the need for updating the measurement
statistics of the maneuvering target which can effectively correct

the differences between the measurement and filtering estimates.

Several areas for additional and continuing work are suggested

to achieve the goals.
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I. INTRODUCTION

With the extended use of overwater ranges and the emergency of a
strong national space program, an urgent and continuing requirement
arose for ship~based down-range instrumentation sites. In addition
to the normal complement of problems associated with the establish-
ment of land-based tracking stations, the added unknowns of platform
stabilization, navigation, extreme long-distance time-correlation,
etc., should be counted during the mission.

There are certain distinct advantages to be realized in the
employment of the Advanced Range Instrumentation ships. A few of
the more obvious benefits are 1:

1) For purposes of increased range safety, the recovery of space
vehicles is best accomplished over water.,

2) The mobility of the ingtrumentation station allows the two
distinct functions of tracking and recovery to be performed by a
single vessel.

3) Since oceans cover almost 71% of the earth's surface, tracking
ships can be located over a wide range of positions. It is therefore
possible to incorporate a considerable degree of flexibility in mission
planning and, at the same time, be assured of optimum station coverage.

4) The ability to vary the base-line geometry between pairs of
tracking ships allows the test range to utilize multi-static range and
range rate tracking systems which are inherently capable of providing
extremely accurate target position and velocity data.

5) The political problem of establishing tracking sites on
foreign soil is eliminated through the use of ships, since the use of
the seas is relatively unrestricted.

The development of range instrumentation ships has been largely
tied to measurement requirements of the supported user vehicle,

The USNS General H.H. Arnold and USNS General H.S. Vandenberg,
operated by the Air Force Systems Command, Eastern Space and Missile
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Center (ESMC), are two Advanced Range Instrumentation Ships (ARIS)
designed to gather precision data on missile reentry vehicles (RV)
and penetration aids with additional on-axis tracking missions.

Those ARIS systems are divided into eight major subsystems:

1) Radar subsystems.

2) Telemetry Data-Acquisition system.

3) Communications Subsystems.

4) Data handling subsystems.

5) Timing subsystems.

6) Meteorological subsystem.

7) Optical subsystem.

Because of the increasing speed, accuracy, and mission requirements
by the users, the Metric Accuracy Improvement Program (MAIP) has been
ctentinuously launched during the last decade at ESMC, Eastern Test
Range (ETR), Division of Range Systems Engineering (RSN).

When a range ship (ARIS) performs a tracking function, the most
discussed problems are accuracy. The question like "Is the tracking
accuracy of the shipboard tracker the same as the land-based tracker?”
has been frequently asked. The answer of this question has long been
in question in this particular program (MAIP). However, a remarkable
progress has been achieved in this question in spite of several caus-
ing error factors such as 2:

1) Electromagnetic EM - Log errors due to:

a) Calibration errors.

b) Turbulence errors.

¢) Dynamics errors.

d. Salinity errors.

e. Transmission errors generated by turbulence, ship-bottom
roughness and motion factors. This causea the range-rate measurement
errors.

2) Timing error effect.

3) Shipboard vibration (i,e., flexture).
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4) Navigation-error problem.

5) Stabilization errors (i.e., coordinate transformations), etc,

The accuracy requirement by the users is still far-reaching in
comparison with a land-based system because of those mentioned factors
above,

To achieve the goals (metric accuracy requirement), several
approaches have been launched on a modernization program aimed at
upgrading various systems on ARIS such as the computer hardware,
timing system, communication and so on.

Error models for range instrumentation ships differ from one
another in form and degree of completeness. When the combined effects
of errors in ship position, stabilization, and radar outputs are
examined, each error source contribution to the total position track-
ing error depends upon the range to the target. It is thus very
important to obtain the accurate position and velocity of the RV during
the missions. As a part of MAIP project on H.S. Vandenberg, a feasi-
bility study by Dr. Vemuri had been performed during the Summer 1980
and has been continued to develop the sub-optimal tracking algorithm.

Without improving the quality of data obtained on-board, the
success of overall MAIP project might be jeopardized because of the
creation of erroneous results and information for the users as reported
in Appendix of Metric Accuracy Improvement Quarterly Report on H.S. 3
Vandenberg on July 10, 1981 by the author.

In this context, the author of this report was asked to continue
developing an optimal tracking algorithm (Kalman Tracking Filter) and
simulate the algorithm to show the feasibility against the present

auto~tracking system for the possible permanent software development

on the new system, Ul600 by Sperry.
II. OBJECTIVE

The main objective of this project was to develop an efficient

radar data processing algorithm as a part of Metric Accuracy Improve-




ment Program under the development at Eastern Space and Missile Center/

Directorate of Range Systems/Ships Engineering Division.

As described in the introduction, this area represents a vital
function to an automatic detection radar which provides discrimination
against extiraneous targets false alarms and the necessary low-band-
width target reports and associated estimated target parameters to ;i
enable the use of the derived radar information in an overall system.
Instead of pursuing the development of the suboptimal algorithm (o -
7n-axis tracking algorithm), the more accessible and feasible Kalman ﬁ
tracking filter, to meet the future requirements without changing
the major system configuration, had been developed and tested through
the computer simulation. To complete this goal, several alternative
features for the varying environments and demands had been suggested
and derived in this report. 1In the computer simulation, we chose the
rather simple cases, leaving the more complicated cases for later
investigations.

Our specific objectives were:

1) To develop an efficient algorithm for the on-axis tracking
purpose.

2) To determine the optimum methods to achieve the goals under
development,

3) To suggest the right direction to attack the present problems
in this data processing area.

It should be noted that the choice of the proper filter for a
particular application is a function of the available computational
resources, the number of targets expected, the target's dynamic
characteristices, the parameters of the sensor radars, and system
accuracy requirements.

In spite of some disadvnatages of the Kalman filter tracking like
computational load, this algorithm is more accessible to the future

mission requirements and changing environments by modifying the al-

gorithm such as adaptive or extended approach.
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III. MATHEMATICAL FORMULATION

In an automatic detection radar system, the processing can be

divided into two broad classifications -- signal processing and data
processing. Signal processing is performed on a radar sweep-by-sweep
basis and generally employs dedicated special purpose hardware capa-
ble of handling the high through-put data rate associated with this
type of processing. The signal processor forms target reports (some-
times called plots) which are applied to the data processor where
target tracks are formed. The relatively slow scan-to-scan processing
is generally performed in a special purpose computer like U1600-Sperry.

When data processing is employed with continued scanning radar
systems, the combintion is called a Track-While-Scan (TWS) system.
The data processing portion of TWS radar system performs a number of
valuable functions 3:

1) It complements the signal processing function by removing
both the residual stationary clutter and the false target reports
which are present at the output of any practical signal processor.

2) It provides a more accurate determination of the target's
position and velocity vector that can be determined from single
scan data.

The netting of several radars or the use of multisensor data
also provides several distinct advantages such as:

1) Smooth out target fades.

2) Reduce target glint.

3) Minimize terrain shadowing effects, etc.

This combination of TWS single radar and netting of several
radars or sensors could make a remarkable improvement in the accuracy
if it could be feasible in the future.

The operation of a TWS system can be separated into the following
19,

distinct stages
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1) Track initiation.

2) Track filtering and prediction.

3) Maneuver - following logic.

4) Correlation logic.

The development and concentration of first two steps are the
main goals of this project to enhance the efficient operation of
the TWS radar system through the basic steps of system analysis
such as modeling, formulation, and analysis.

III. 1. Modeling:

One of the most important processes among the system analysis
is the system modeling which can result in obtaining the better or
worse information depending on the closeness of the model against the
real system behavior. Fortunately enough, the tracking prediction
and smoothing models have shown the great success in this aerospace
area since Sklansky 20. In this section, the mathematical develop-
ment of the tracking system dynamic model will be investigated in
detail.

The radar system transmits a very large-amplitude and narrow-
bandwidth pulsed sinusoid and received the reflected pulse energy
with a total at seconds travel time. Since the pulse propagates
at a speed of C-meters/sec. in space, the range can be easily
determined by

X(t) = c-at/, (1)

For very accurate range determination, one usually makes periodic
measurements of the travel time which amounts to periodiclly trans-
mitting pulses every T seconds and obtaining measurements of range
which are the data-processed to yield an accurate estimation of range.

I1f we agssume that the radar moved only radially outward along the
radar line of sight (boresight) so that only the single vector X(t)
is considered, then the motion of the reentry vehicle (RV) is assumed




to be described by laylor series expansion at the next sampling

instant, 4
X(t + T) = X(8) + T X(t) + (T2/,) X(¢) (2)
and the range rates are
X(t + T) = X(t) + T ¥(¢) (3)
and further the acceleration in case of powered flight is
given by
X(t + T) = ¥(£) (4)
In the matrix format,
. 2
X1 1 T T /2 Xl
20 = 0 1 T X, (5)
X
3 ' O o0 1 X,
Where X (t) = X(t +T) and X, (t) = X(t)
X, () = X(t +7T) X, (t) = X(t)
Xy (t) = X(t+T) Xy (£) = X(t)

This is called a tracking equation which is the main dynamic

model to be studied in this report.

To achieve the major goal of tracking accuracy, many suggestions

and implementation of the above equation have been published through

the filtering, smoothing, and prediction technique. Because of the

tracking nature, several prediction algorithms have been developed

as 19

1)
2)
3)
4)
5)
6)
7)
8)

Wiener filtering.

Fading-memory polynomial filtering.
Expanding-~memory polynomial filtering.
Kalman filtering.

Bayes filtering (maximum likelihood).
Lease squares filtering.

Benefict-Bordner filtering.
Lumped filtering.

B




The o-@ filter (or g-h filter) ((1), (2), (3), (6), (7)) and
Kalman and Bayes filtering ((4), (5)) will be mainly focused in this
study since those techniques have been frequently adopted and used
with the satigfactory performance.

l. oA-@ tracking filter 5, 6,7, 8

This filter is designed to minimize the simple linear least
squared error in the estimated position and velocity of a target
under the assumption of a constant velocity target; thus it ends up

' with the suboptimal estimation. The general o-@-ytracking and pre-
dicting equations are

Xa(k) = Xp(k) + & [¥m(i) - Xp(k))

Xe(k) = Xp(k) + § [xn(k) - Xp(k)] (6)

Xe(k) = Xp(k) +%2‘- (Rm(t - Xp(k)]_

vhere . T2 .
Xp(k) = Xm(k) + TXm(k) + 27 Xm(k) = prediction of range
K «=1-8
8=3u-8) 22 +m (6-1)

¥- .} (1-8) 3 for 0L B 1.0

estimate of range

Xe(k)
Xe(k)
Xe(k) : estimate of range acceleration
Xm(k)
and if the velocity is constant (free-flight)
Xe(k) = 0
thus, the so-called 4-p tracking equations are
Xe(k) = Xp(k) +4[Xa(k) - Xp(k)] n
Xe(k) = Xp(k) + % [xa(k) -~ xp(K)]

estimate of range rate

measurement of range at time k

NN,
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For the critically damped case of this dynamic model, the
coefficients are
a=1 -8
g=(1- 52
B= 0.96-0.992 2}
This filter has the advantage of very simple implementation using

(8)

fixed parameters, and it provides good performance for non-maneuvering,
constant velocity targgets. Specially, if the filter parameters are
adjusted for (3 -elz/(2- A ) thisd-Pfilter provides the best transient
following capability while simultaneously providing the best minimum
variance estimate of position and velocity of any fixed parameter
filter (steady-state Kalman filter).

The disadvantages of d~pfilter is 3

1) Design implies a compromise between good noise smoothing
operation (small o ,B).

2) Good maneuver following capability (large o ,8).

These problems can be corrected by adjusting the o, @ parameters
in accordance with the measured maneuver properties of the target.

This approach was introduced by Singer, et al, and later Schooler, and
currently Rao Vemuri is working with this approach.22

However, in general, this o~p filter provides a poor performance
against accelerating or maneuvering targets based on the land based
antenna.

2. Kalman tracking filter: 9, 10, 11, 12, 13
The Kalman filter is the optimal filter for performing the
tracking when the equations of target motion are known.

The quantities to be estimated by the Kalman filter are called
states which describe the target dynamics in terms of the state
vectors.

This state equation is driven by both the deterministic target
dynamics and a random process which accounts for the inexactness of

the difference equations used to describe the dynamics and to allow
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for other sources of error.

The system states are observed through an observation equation
which is corrupted by measurement noise. In contrast with the ol~f
filter, the Kalman filter accounts the perturbation (or random
noise) in both tracking and observation, which is more accessible

to the mobile antenna case than the fixed (or stationary) case.

A

The Kalman filter algorithm provides the optimal linear minimum
error - variance unbiased estimate of the state of the linear
(possibly time varying) dynamic system described by the state equa-
tions of the target motions. In addition, the Kalman filter al-
gorithm also estimates the covariance matrix of the errors involved
in the estimate, and hence provides a method for adapting the filter
to changing target dynamics. '

The disadvantages of this filter are

1) Heavy computational load.

2) Divergence of covariance matrix when the filter is not tuned
to the proper target.

Either the dimensional reduction of the state equation, or the
increagse of the computational capability may solve the first problem
and the better calibration may easily improve the second problem or by

developing adaptive and compensation algorithm.

Because of gyro shift problems in a mobile tracking station (ARIS),
periodic updating must be performed to remove position errors and

calibrate the gyro drifts.

Improvement Problems (MAIP) by adoptingon-axis tracking technique.
Rewriting equation (5), the genmeral random system dynamic models

|
} This results in attacking the major problems of Metric Accuracy
; . are:

1

]

i
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%, (k+l) 1 1 1 2 X, (1)
X, (kel) |=} 0 1 T X, (k) [+ Pw(k) (9)
Xy (kel) 0 0 1 Xy ()
a(k) = [100] M(k) x (k) + Gv(k) (10)

Where
r : coefficient matrix correlated with the perturbation

of each states.

w(k) : additive state noise with zero mean and variance
matrix R.

v(k) : additive observation noise with zero mean and
variance Q.

G : coefficient of observation errors.

M(k) : coordinate transformation matrix.

It is noted that the observation eugqation is different from the
normal random dynamic system not only because of the free-moving
platform (mobile antenna), but also because cartesians may offer
the better all around solution particularly when implemented in a
Kalman filter.

Many different possible approaches can be deducted from the
equations (9) and (10) depending upon the particular applications
and assumptions. Only two-dimensional spherical and cartesian
coordinates Kalman tracking filter will be investigated because
of the limited computational time and efforts. However, fully
three-dimensional spherical coordinates Kalman filtering could be
eagily extended for further improvement and accuracy purpose.

Before we develop the Kalman filtering technique, the coordinate
transformation will be addressed because of the serious movement and
turbulence on the ship which is quite contrary to the land based

antenna case.




III. 2. Coordinate Transformation
The most coordinate transformation has been currently applied
after the mission except very few cases. With the consideration of
uncertainty in range, velocity,bearing, elevation, and radar itself,
on-axis coordinate transformation should be applied to enhance and
correct the metric accuracy of the overall range systems.
1) Space-to-space angle transformation
Xs = r cos @ cos 8
Ys = r sin @ sin O (11)
Zg = -r sin @ '
where the negative sign in Zs implies toward the earth center.

2) Sg:ce-to-deck transformation

X, | (coa P cos H cos P sin H, sin P )[Xs
X, | ={cos R sin P cos H, gin R sin P sin H, -sin R ||Y¥s
~co8 P
+cos R sin H +cos R cos H 12)
ZD -cos R sin P cos H, -cos R sin P sin H, cos R Zs
L cos P
L-sin Rsin H + 8in R cos H cos R
cos R

where P : pitch angle of ships, R: roll angle of ships
H : yaw angle (or heading) of ships
subscript D denotes deck and S denoted space
and for the simplification, the computer coordinate system is
equal to the ship's coordinate (i.e., SINS) without loss of general-

ity, and the mount coordinate-to-the computer transformation is also

neglected
3) Deck-to-mount transformation
Xm cos Ep cos Bp cos Ep sin Bp -sin Ep XD
Ym | =~ sin Bp cos Bp 0 Y, (13)
Zm sin Ep cos Bp gin Ep sin Bp cos Ep ZD
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where Ep : the primary axis deck elevation from the deck upward
Bp : the primary axis deck bearing from the bow toward
starboard, subscript m denotes mount of the antenna.
4) Mount-to-mount angle transformations
Ym = - sin Em
Ym = sin Am cos Em (14)
Zm = - cos Am cos Em
where Am is measured from - Zm toward Ym (from upward toward #
starboard when Ep = Bp=0)

Em is measured from Ym - Zm plan away from Xm

the los (antenna line of sight) coincides with -Zm when

Am=Em-0 and
-1 Ym
Am = tan vy . {
Em = ~ sin ~lxm (15)

R -Jxm2 + Yo + zm?

Because of the nonlinearity of this transformation matrix and
the complexity, the application of this transformation should be
seriously considered to save the computational and operational load.

Without considering the coordinate system, the radar data

signal processing consists of seven states -- range, range rate,

bearing, bearing rate, elevation, elevation rate, and drag ratio,
which aids in deciding whether the object is authentic or a decoy.

If we consider those seven states in the spherical coordinates
system, the dnyamic model system's matrix will have lix1l matrix
instead of 7 x 7 matrix, It is impossible to exploit all those

seven states with spherical coordinates system Kalman tracking filter
within the current computational facility unless the larger memory ;
computer is provided.

The most important factors in radar data signal processing,

however, is range, range rate, and bearing or elevation. Only these




parameters will be thus investigated in this study for both spherical
and cartesian coordinates system.
III. 3. Kalman tracking filter formulation
1) Two State Dynamic Model (Range and Range Rate)
One of the simplest ways to formulate is a separate
approach, but results in the inaccurate information and the ignorance
of the correlation between tracking parameters. From equation (5),

the range and range rate equations are

X, (k+1) 1 T Y[ x (k) T./2) :

1 _ 1 t 2 (k)

X,(ke1)| [0 1] | x,a0] T |

Y(k) = [1 0 ] (x, 0]+ [1 v(k) (16)
X, (k) 0 |

However, the range position is not greatly affected by the
acceleration of the RV, but the velocity is. With consideration of
this fact, rewriting equation (16), we have

X(k+l) = @ x(k) + ™ w(k) (17)
Y(k) = H X(k) + G wv(k)

where @ = [ 1 T ] Q= [ 0 ]
0 1 1

=1 0} ¢ = [1
o]

T = gampling interval

w(k) and V(k) are white gaussian noise with zero mean

and variance Q and R respectively,

In the spherical coordinates systems,
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or simply
X(k+1) =@gXxX(k)+ [ w(k)
Y(k) =Hx (k) + G v (k)

where
(1 T 0 0 0 0)
010000

g - 0011 TOO
000100
0000 1T
.000001J
(1. 00 0 0)

H = 0010 0
|l 00001 0,
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(%x(k+1)) (1 T 0 0 0 0) (%;x(k) )
xzx(k+1) 01 0 0 0 O Xzék)‘
xly(k+1) =10 01 T 0O le(k) +
xzy(k+1) 0 001 00 xzy(k)
xlz(k+1) 0 0 0 01 T Xlz(k)
Xzz(k+1), L0 0 0 0 O 1 Lzzz(k)l

fvx(k) ) [1 0 0 0 0 0 (xlx(k)'
Yy(k) ={0 010 0 0 |Xx(k) [ +

vz J Lo o 0 0 1 o |xy

xzy(k)
Xlz(k)
[ Yp2(k) |

- O = © = O

=

w(k)

v(k)

(18)

(19)

(20)




Of course, the coordinate transformation matrix M(k) in equation
(10) is not considered here. If we compare the equations (16) and
(18), the size and complexity are increased geometrically as a price
of accuracy improvement mentioned earlier. Specifically, the ARIS
system is required to use equation (18) because of changing environ-

ments in comparison with equation (17) which is proper for the land

‘ based system. The bearing and elevation model follow the exact
equation. Figure 1. shows the block diagram to solve sequentially
. the above difference equation through Kalman Filter 15.
The solution of equations (17) and (20) is well known as a
standard discrete Kalman filter equation 16, 17.
| smoothing: §(k+1) =¢§(k) + K(k+1)(Y(k+1)—H¢§(k)) (21)
i (state estimate of
| filter)
prediction: ﬁ(k+1) =Q)§(k) (22)
(state estimate of
prediction)
) gain matrix; K(k+1) = P(k+1)H (HP(k+1)H +R) (23)
predictor equation: M(k+l) =pP(k) CbT +rar’ (24)
(covariance of { for the convenience of notation)
prediction)
corrector euqation: P(k+l) = (M-l(k+1)+HTR-1H)~1 (25)
(covariance of
filter) or = M(k+1)-M(k+1)H (HM(k+1) (26)
-H+R)™L HM(k+1)
or
= (I-K(k+1)H)P(k+1) M(k+1) (27)
where

P(k) = E((X(k)-x(k))(X(k)-X(k);r): covariance matrix and
the utilization of X(k) is generated by the first observation,
X(0) = x(1).

P
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Q and R can be stored before the mission according to the

information from the previous statistics.

Note that the dimension of the matrix inversion for equation
(23)and (26) is as large as (3 x 3) matrix which reduces dramatically
the computational complexity and time.

Similarly, the spherical coordinate system can be directly
obtained along with equations (28) and (29). As mentioned earlier,

this model should give a better information about the behavior of the

trackiné radar rather than the accuracy. The dimension of this model
increases from 2 x 2 and 6 x 6 to 3 x 3 and 9 x 9 matrix respectively
for both directional and spherical coordinates.

The solution of this approach is same as in equations (21) thru
(27) excepé'for the coefficients matrices.

3) Two states dynamic systems (range, range rate) with
‘ Cartesian coordinates.
[ To reduce the computational load, if Z-axis can be reason-
ably well adjusted to the reference axis, the Cartesian coordinate
system may be applied to the ARIS system with reasonable accuracy

From equation (18),

[ X1x(k+1) 1 T 0 0) X1x(k) ) (0
X2x(k+1)] 1 0 1 0 O X2x(k) . 1 w(k) (30) 3
X1ly(k+1) 0 01T Xly(k) 0 ;
[ x2yke1)) Lo 0 0 1) | xey(w) 1]
’ . 3 4 \ ¢ 3 '
Yix(k) {1000 X1x(k) . 1 v(k) (31)
[ Yly(k) L0 0 1 0 X2x(k) [ 1]
E Xly(k)
| X2y(k) |
-
1
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There are several other alternative expressions which can be
obtained depending upon the different point of calibration and en- ?
vironments. One of the most feasible simplest model may be direc~-
tional three dimensional (range, bearing, elevation) dynamic model

which can be written as

(X (k1) 1 00 Xg(k) ;

X@(k+1) = |0 1 0 xe(k) + w(k) (32)

X$(k+1) 001 X$(k) !
or

Y(k) = X(k) + w(k)
The solution of this model may be obtained through the recursive ‘
estimation techniques as 18

1st ¥(k-1) = X(k-1) + v(k-1) (33)

Y(k) = X(k) + v(k)
and R - R(k-l) 0

(34)
0 R(k)

then

X = X(k-1) + K(k) [Y(k) - R(k-1)] (35)

[ Y |
where K(k) = P(k-1) [ P(k-1) + Rey) ]
P(k) = (I-K(k))P (k-1)
or = (P(k-l)'} + R

or = P(k-1) = P(k-1)(P(k-1) + R(k))“*P(k-1),,
As an alternative expression, The estimate X(k) is given by
X(k) = PCOR™MY(K),, (36)
which is similar to the o ~-@® tracking system, but it is very

rough estimation, in comparison with the previous approach.
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To improve this problem, it can be extended to the following:

(X (ksD)] {1 T 0 0 0 0] (X(0] [o 0 0]
;(R(k+1) 010000 X (k) 1 0 offwi(k)
X0(k+1) 001 TTOO X0(k) 0 0 O0}|w2(k)
(37)
X0(k+1) 0 0 0 0 o0 X0(k) 0 0 [{w3(k)
Xé(k+1) 0 0 0 O {W(k) 00
Xéks1)) L0 0 0 0 0 1) (x| Lo o 1]
' Y1(k) 1 00 0 ) 'xR(k)‘ (1 0 0][vl(k)
¥2(k) 0 10 XR(k) 0 1 offvack) J
LY3(k) (0 0001 0 J X0(k) (0 0 1J{v3(k)
. (38)
X0(k)
. X¢(k)
T | X$ (k) |

which are almost exactly same as the equations (18) and (19)
except for the different coordinate systems. Should only range and
bearings be considered, the size of the above model will be reduced
to 4 x 4 matrix instead of 6 x 6 matrix.

The solution will be followed exactly same as the equations
(21) - (27).

Special attention should be emphasized when the coordinate
transformation is applied to the data processing. Since the range,
elevation, and azimuth are highly correlated, the covariance matrix
should take into account of those matters. This implies that the
matrix Q and R are no longer diagonal matrix. In addition, the
covariance matrix of state vectors should also be modified along

with the coordinate transformation in order to weigh correctly. This
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further development and study should be performed before applying to
the real systems.

Notice also that the state transition matrix is almost diagonal
matrix and this results in simplifying the computational procedures.
Those mentioned techniques and procedures can be applied both land-
based and any other ARIS range systems to improve the performance and
the accuracy.

III. 4. Simulation

Two states Kalman filter with maneuvering target was examined
to study the problems of tracking algorithm for further development
of the on-axis tracking application to the ARIS system and possible
extension to the land-based and any other radar systems. During
the mission, the covariance matrix can be separately computed from the
filtering procedure as shown in Figure 2.

The incorrect information of the acceleration and sampling rate
(or traveling time) would create a false prediction and eventually
lose the tracking the target as shown in Figure 3 and 4, on the other
hand, the proper adjustment of parameter initialization would give a
better performance for both errors and tracking purposes as shown
in Figure 5 and 6. This implies the update corrections of the
meagurement error and acceleration errors are necessary for the
accurate tracking. The further detailed investigation of the divergence
of the covariance matrix and sensitivity of the filtering parameters is
esgsential for the successful accomplishment of the MAIP goals.

Six states Kalman filter with real satellite tracking data was
studied to investigate the real feasibility of the use of Ul600
computer.

Figure 7, 8, and 9 show the diagonal element only of the 6 states
covariance matrix case for each coordinate range by assuming that there

is no correlation between range, range rate, azimuth, and elevation.
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Figure 10, 11, and 12 show the errors between the actual measure-
ment-extrapolation, actual measurement-filtered prediction, and the
pure extrapolation-filtered prediction value respectively for each
coordinate component of the real vectors.

Similarly, the case with the consideration of correlation between
range, range rate, bearing, and elevation is shown in Figure 13
through 18,

As can be seen in the figure, the off-diagonal (with consideration
of correlation) case performs better, but does not guarantee the con=~
vergence of the Kalman filter gain matrix. The diagonal only case,
however, performs worse, but guarantees the convergence of the
covariance matrices. Further details of this correlation factor should
be extended to the real situation when it applies to the on-axis track-~
ing mode.

As a conclusion, the feasibility of on-axis tracking algorithm
for the ARIS systems had been shown within the current computational
facility with an efficient data processing algorithm development (to
be continued in future) which guarantees the acceptable performance.
IV. RECOMMENDATIONS.

Five different areas would be proposed to improve the present

metric accuracy requirements.

1. Extended Kalman tracking filtering: the following items
should be further investigated to access for the on-axis tracking
purpose;

a. The development of an efficient covariance matrix
computation algorithm for both spherical and Cartesian coordinate
transformation approach because of their correlation between range,
azimuth, and elevation .

b, A comparison between single dimensional spherical (x,
¥, z) coordinate system and two-dimengional Cartesian coordinate
(x, y) Kalman filtering technique should be studied to choose the
simplest and most efficient algorithm.
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c. A comparison between four, six, seven, eight and nine
states Kalman filtering techniques would be done before adopting
some particular algorithm for the optimum and efficient operation.

d. Study the possible application to both land-based and
any other current existing ARIS systems,

2. Netting Algorithm: A combination of several radar measure-
ment, optics, and telemetry system measurement would be beneficial to
enhance the accuracy of metric measurement;

a. A development of a netting algorithm will be very
beneficial to improve the metric accuracy as mentioned in Section III.

b. A development of a technique, which can combine the
information from both the netting of several radars and TWS system
algorithm, will be agreat milestone in correcting and improving the
metric measurement.

3. Design of a Digital Controller: This technique is far from
this project, but it could be much more beneficial to launch this
problem;

The main idea of this proposal is to stabilize a present
auto-tracking radar servo sgystem using a computer along with a
coordinate transformation correction. In case of on-axis tracking '
system failure, this technique can still track the RV with better
accuracy than the present tracking system.

4. Further review and study of the data processing and
reduction:

The present algorithm for the data processing and reduction
is to be entirely reviewed and studied by adopting the on-axis track-
ing algorithm. This could result in improving the accuracy and
reducing the computational load and related manpower.

5. Perturbation approach:

Because of the changing environment, a new technique may be
more attractable to the ARIS systems by adopting a perturbation

approach for developing a tracking algorithm in the future.
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Those five areas of interests could be applicable and acceptable to
the present computational facilities and the author strongly recom-
mends the on-axis tracking algorithm and subsequent task forces to
finish successfully for the major goals of MAIP program.
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Delay &
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Where  CRU (k+1) = PM (k+1) H' (HPM (k+1) HT + R) ~V H PM (k+1)
or = PK (k+1) HT P (k+1) PM (k+1).

Fig. 2 Flow Diagram of Estimator and Computation
Timing for Kalman Tracking Filter
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ROUGH SURFACE EFFECTS ON
TURBULENT BOUNDARY LAYERS

by
Hugh W. Coleman
ABSTRACT

The prediction of the fluid dynamic and thermal behavior of a turbulent
boundary layer on a surface of arbitrary roughness is considered. The
equivalent sand-grain roughness concept is examined in some detail, and it is
concluded that (1) assumptions inherent in the concept are not supported by
recent data, (2) there is currently no acceptable method for determining the
equivalent sand-grain roughness for a general rough surface on which no skin
friction data are available, and (3) experimental data and physical arguments
indicate that heat transfer probably does not scale with equivalent sand-grain
roughness. Brief comments on a discrete element approach to the problem are
presented, and suggestions for further research are made.
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I. INTRODUCTION:

Wall roughness can cause significant increases in drag and heat transfer
on a surface exposed to a turbulent boundary layer. These effects have
serious implications on the design and performance of such Air Force systems
as reentry vehicles, missiles, and stores carried externally on high
performance aircraft. Such effects are also important in such diverse areas
as the design of ships, gas turbines, heat exchangers and piping systems and
the modeling of atmospheric flows. Thus an attempt to understand and
predict fluid dynamics and heat transfer in roughness-influenced turbulent
flows can be viewed as a basic research problem with far-ranging applications
rather than as a system-related problem.

The present effort is closely related to a research program outlined by
the author and Dr. B. K. Hodge, a colleague at Mississippi State University.
This program is described in a research proposal entitled "Generalized
Roughness Effects on Turbulent Boundary Layer Heat Transfer" which was
submitted to the Air Force Armament Laboratory prior to the author's
participation in the Summer Faculty Research Program. The obJjective of the
proposed research program is the prediction of fluid dynamics and heat
transfer in turbulent boundary layer flows over general rough surfaces
using an approach independent of the equivalent sand-grain roughness concept,
which is described below.

Roughness effects on a turbulent boundary layer have traditionally been
divided into three regimes of flow: hydraulically smooth, transitionally
rough, and fully rough. The boundaries of these regimes are usually related
to the magnitude of the roughness Reynolds number

+
s

k= = ksU'/v (1)

where ks is a roughness length scale called the "equivalent sand-grain
roughness", U%® is the friction velocity ( =¢q;7;),v is the kinematic
viscosity, Ty is the wall shear stress, and p is the fluid density. In the
hydraulically smooth regime the roughness is so small compared to the viscous
sublayer that no appreciable effects of the roughness are evident. In the
transitionally rough regime, the roughness elements protrude through the
viscous sublayer and form drag on the elements becomes a significant
contribution to the wall shear stress. As k; becomes larger (> 55-T70) the
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elements destroy the viscous sublayer, the form drag on the elements becomes
the predominant contribution to the wall shear stress, and the skin friotion

coefficient
- 2
cf =2 T“/(D U, ) (2)
becomes independent of the flow Reynolds number. This state is the fully
rough regime.

The above description is based on the behavior of the wall shear stress
(or Cr). When one considers the heat transfer behavior, the situation is
complicated by the fact that there is no thermal equivalent to the form drag
contribution to the force on the wall. The heat transfer between the fluid
and the wall is by molecular conduction and thus remains a function of both
Reynolds number and Prandtl number even in the fully rough regime. The
validity of the Reynolds analogy between the momentum and energy fields, which
is widely used for zero pressure gradient smooth wall flows (for Prandtl and
turbulent Prandtl numbers equal to one), is therefore extremely doubtful for
flows influenced by roughness.

In order to predict the thermal and momentum fields using the
Reynolds-averaged, boundary layer differential equations for continuity,
momentum and energy (see Ref. 1, for example) one must model the turbulent
shear stress (-p u'v-) and turbulent heat flux (- 90537577 terms. Suppose,
for the sake of argument, that this is done using the eddy diffusivity for
momentum (E ), turbulent Prandtl number (Pr ), and k, concepts. Then a
turbulence nodel giving E and Pr as fUnctions of k ia required for
closure of the problem (see Healzer, et.al.z, Cebeci and Chang3 and Ligrani
for recent examples). Once closure is achieved, some numerical method for

y

integrating the set of governing equations is used to determine the solution
in terms of velocity and temperature profiles, Cf » and Stanton number, St,
which is a non-dimensional heat transfer coefficient.

From the above discussion, one can see the steps or elements required to
obtain a prediction of Cf and St for a given rough surface using this
approach:

(1) some means must be available to determine the equivalent
sand-grain roughness ks of the particular surface,

(2) a turbulence model which incorporates roughness effects through a
functional dependence on ks must be available for closure of the equation set,
and
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(3) a numerical integration method must be available to solve the
equations.
Item (3) will not be considered in this report - efficient numerical
schemes are now in common use in boundary layer calculations. Items (1) and
(2) were the areas of interest in the current study, with emphasis on the

former.

II. OBJECTIVES:

As noted in the previous section, the primary objective of the long range
research program proposed by the author and Hodge is the prediction of the
fluid dynamics and heat transfer in turbulent boundary layer flows over
general rough surfaces using an approach independent of the equivalent
sand-grain roughness concept. The reason for this approach is the perceived
inadequacy of the sand-grain concept in representing the physics of the
thermal and fluid dynamic behavior in the boundary layer. This point will be
investigated in some detail in the following sections.

The objectives of the ten-week long Summer Faculty Research Program effort
were two-fold:

(1) To conduct a critical evaluation of the sand-grain equivalency
concept and previously published efforts (such as those of Dvoraks, Dirling6,
and Simpson7) at formulating models to determine ka for a general rough
surface,

(2) To conduct a literature survey in order to identify and obtain
pertinent references which are not available in the open literature, 1i.e..
documents with distribution limited to government agencies and/or which have
been recently declassified. . .

The sedqnd objective was satisfied with the excellent help of the
Technical Library staff at Eglin AFB and will not be explicitly discussed any
further. -

IIXI. THE SAND-GRAIN EQUIVALENCY CONCEPT

The basis of all sand-grain equivalency analyses is the work reported by
Nikuradses published in 1933. He measured Cf and velocity profiles in fully
developed flow in pipes roughened with sand. The "ordinary building sand" was
sifted through sieves to achieve a tight size distribution and was attached to
the interior surfaces of the pipes using lacquer. The pipe Reynolds number

range investigated covered the hydraulically smooth, transitionally rough, and
fully rough regimes.
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The concept of sand-grain equivalency was first proposed by Sthiohtin39

in 1936, He used a fully developed channel flow to investigate the Cr and
velocity profile behavior for flow over surfaces roughened with uniform
height elements spaced uniformly in staggered arrays. Surfaces with different
element spacing were used to investigate the effects of roughness element
density. The effect of roughness element shape was determined by using
spheres, cones, spherical segments, short and long angles, and "Hamburg sand"
on different test surfaces. The test conditions were such that the flow was
in the fully rough state for all test points.

The primary results of this effort were presented as the ratio of an
s’ to the height, k, of the(;o?g?neas
elements for each surface configuration. Schlichting defined'”’ ka as that
value which gives the actual coefficient of resistance when inserted into the
equation found by Nikuradse8 to describe his results for fully rough flow

equivalent sand-grain roughness, k

UC, = (2 log (Rfk) + 1.71)7 (3)

where R is the radius of the pipe or hydraulic radius of the channel. The
magnitude of ks is the arithmetic mean height of the sand grains in
Nikuradse's experiment, but it is not related in any unique manner to the
height of the roughness elements on any other surface, even if the elements
are grains of sand. It is also defined solely based on the fully rough

regime.

The results of a critical evaluation of the ks concept will be discussed 3
below. First, however, it is probably worthwhile to answer the following
question: "Why bother reanalyzing work which has been accepted as a standard
for over 40 years?". Three points are necessary in answer.

First, the ks approach has been used for years, primarily for skin
friction predictions, but no physical basis for its applicability to modeling

. the thermal behavior of a turbulent flow has been established. If one's

objective is to predict the heat transfer on a rough wall whose roughness
characteristics are known but on which no data are available, then this
applicability must be logically examined rather than being blindly accepted.
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Second, the ks concept and the ks/k results of SOhlichtins9 have been

used inconsistently from author to author and without an awareness of the
assumptions in and the limitations on the approach. This situation has
occurred because Schlichting defined the ka concept :gd summarized his k,/k
results in two paragraphs and one figure in his book (first German edition
1951, first English edition 1955). Authors of later work have referenced (and
; evidently used) the book10 rather than the detailed 59-page reportg. Some
: examples are Hama'' in 1954, Dvorak’ in 1967, Dirling® and Simpson! in 1973,
'2 1n 1976, and Cebeci and Chang> in 1978.

Third, in the past decade or so much more detailed data on the structure

of turbulent boundary layers over rough surfaces has been obtained (Blake13,

» Grass1u, Pimenta‘s, Coleman‘s, and Ligraniu ) than was available in the

8,9,11,17

Denman

earlier efforts which reported and/or used only mean velocity ]
profiles and skin friction coefficients. These more recent data sets call
into question some of the assumptions made in earlier methods of analysis of

rough wall flows.

datitic

r IV. DETERMINATION OF Ks AND ITS USE:
One very revealing set of data were presented by Schlichting in his :
report9 but not his book1°. As mentioned previously, he tested a surface §
roughened with "Hamburg sand" as distinguished from the "Gottingen sand"™ used
by Nikuradsea. The results were a value of k,/k = 1.64 for the Hamburg sand,
i.e., the effective size of the Hamburg sand was 64% larger than the physical
2 size. This result cannot be attributed to different methods of application of |
_ the sand to the test surface - Schlichting also tested a surface roughened
] with the same sand used by Nikuradse and ob;ained values of Cr "differing from
] those found by Nikuradse by 1 to 2 percent" .
To the knowledge of this author, the Hamburg sand result has never been
quoted, acknowledged, or used in any published work other than Reference 9.
This may explain the erroneous but widely-held belief that for surfaces
densely roughened by sand or which appear sand-grain-like to the eye (such as
- grit-blasted surfaces), k‘ may be taken as the height of the roughness
elements.,

Pouara’a, in analyzing tests conducted in the Passive Nosetip Technology
(PANT) Program, noted that "review of the roughness fabrication process
! originally employed by Nikuradse indicates that the brazed particle models

BRSO
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have essentially a classic sand grain type roughness character®. After
obaervingsa prediction of k,/k of about 4 for the same surfaces using
Dirling's correlation (to be discussed later), he stated that "this is in
contradiction to the observation...that the brazed particle roughnesses were
fabricated in a fashion analogous to Nikuradse's lacquered sand grain
roughness which would imply a ks/k of about unity".

Dahm19 reported an analysis of heat transfer and shear data froa roughened
surface tests conducted in the Reentry Vehicle Technology (REV-TECH) Program.
Six types of rough surface were used - bonded grit, grit blasted, and four
different chemically milled patterns. For the chemically milled patterns, k’
was determined from Dirling's correlation. However, for the bonded grit and
grit blasted surfaces ks was taken to be twice the mean RMS roughness height.
Thus the implicit assumption was made that those two rough surfaces were
equivalent to Gottingen sand applied to the surfaces using Nikuradse's
technique. This assumption is highly questionable considering Sohlichting's
results on the Hamburg sand and his results for the spherical elements, for
example. For the spherical elements, in one instance a 50% decrease in
spacing resulted in a factor of 3.7 increase in ks/k, while in another a ¥0%
decrease in spacing resulted in a factor of 6 decrease in k'/k (the change in
k,/k obviously being very dependent on the magnituds of the spacing to height
ratio).

Since ks/k is a function of (at leaat) the height, spacing, and shape of
the roughness elements, a fair amount of effort has been reported on attempts
to correlate ks/k (or the shift in the mean velocity profile, which is a
slightly different but essentially equivalent way of viewing the problem) with
some parameter which takes this into acoount. Dvoraks ’ 81-poon7 , and
D:lrling6 have all presented such correlations. That of Dirling, whioch is the
most widely used at present, is shown in Figure 1, where ks/k is plotted
against a "roughness density", ), defined by

4/3
A= (1./%) (‘s/Ap) %)

The mean roughness height is denoted by k, 1r is the mean center to center
roughness spacing, Ap is the projected element area in the flow direction, and
Aa is the windward surface area of the element seen by the flow.
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FIGURE 1. Effective sand-grain roughness corre-
lation of Dirling (Reference 6).

This correlation collapses the available data better than any attempt
published so far. Several points should be considered in evaluating the
information shown in the figure. First, for a given value of roughness
density, A , the data points show values of ks/k whic